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Organic Electronics (OE) is the science and technology area where organic 
semiconductors (OSC) and conductors are utilized as the active materials in electronic 
devices. These organic hydrocarbon-based compounds also contain other elements (sulfur, 
oxygen, nitrogen, etc.) that together provide a wide diversity of material properties. However, 
in today’s production of semiconductors (SCs) devices overall, single crystalline silicone is 
by far the most frequently used material because of excellent stability and high mobility
1
. But 
inorganic material is less suitable for low-cost or large area applications. In this respect, 
organic semiconductors are superior to inorganic due to their broad variety, making tailor-
made materials possible
2
. For example, there are organic dyes with exceptionally high 
absorptions coefficients in the range of visible light, allowing the creation of thin-film 
photovoltaic cells and photodetectors
3
. Most organics are easier to process and deposit on 
flexible substrates even at room temperature. Two groups of OSC materials, polymers 
processed from solution and vacuum-evaporated small-molecule compounds, are already 
included in present commercial products, for example as photoconductors in copiers and laser 
printers, light-emitting and conducting layers in AMOLED-technology displays of TV and 
smartphone (Samsung Galaxy series) screens, field-effect transistors (FET), organic solar 
cells, sensors, etc.
4
 Most of these innovations have been successfully implemented in devices 
that utilize small OSC molecules processed by vacuum evaporation techniques. Small organic 
molecules can be well characterized and isolated in high purity whereas for polymers it is not 
always the case. 
For low-cost purposes, many attempts have been made to obtain solution-processed 
OSCs because they could be readily processed and easily printable, removing the 
conventional photolithography for patterning and minimize the costly vacuum-based 
fabrication. To meet these requirements, the utilization of conducting polymers is highly 
desirable
5
. Indeed, further progress in OE is frequently associated with the use of solution-
processed SC polymers. Conjugated polymers offer better potential for film forming and 
mechanical properties, compared to their small molecules counterparts
6
. Owing to their 
solubility in organic solvents, these macromolecules with extended conjugation length can be 
easily processed to form thin, uniform, and lightweight ﬁlms using high-throughput methods 
such as roll-to-roll printing
7
, inkjet printing, and spray-coating
8
. These readily accessible 
processing techniques are undeniable advantages for the development of low-cost organic 
electronic devices such as solar cells, memory devices, transistors, light-emitting diodes, 
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sensing technologies, etc
9
. To suit the particular needs of such a wide range of applications, 
tailor-made conjugated polymers must be designed and prepared. For instance, conjugated 
aromatic backbones are often functionalized with electron-donating or electron-withdrawing 
moieties in order to ﬁne-tune optical, electronic, and physical properties, whereas 
nonconjugated side-chains are used to improve solubility or impart additional functionality. 
A critical aspect of CPs lies in their preparation. Parameters such as molecular weight, 
molar-mass dispersity, presence of structural defects are known to affect their optical and 
electronic properties, which in turn impact their performance in organic devices. Unlike small 
organic molecules, it is not possible to remove side reaction byproducts (homocoupling or 
branching), as they become covalently embedded within the polymer chain
9
. In order to 
obtain diverse polymeric structures, reliable and versatile synthetic methods are needed. Over 
the years, palladium- (e.g., Stille, Suzuki, direct arylation) and nickel-catalyzed (e.g., 
Kumada, Negishi) cross-coupling reactions have proven to be robust and useful. 
Unfortunately, none of them is universal. Besides, the change of the polymerization 
mechanism from a step-growth to a chain-growth process enables to produce architectures 
containing well-defined polymers, such as block copolymers, star polymers, graft copolymers, 
etc
10
. In this respect, synthetic methods, involving chain-growth polymerization, are 
considered to be promising and they are to be further improved. Therefore, one of the goals of 
the present thesis is further development of chain-growth polycondensations leading to high 
performance semiconducting polymers. 
Most of π-conjugated polymers and small-molecule organic semiconductors in their 
pristine state possess rather low electrical conductivity because of a relatively large offset 
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied 
molecular orbital (LUMO) (large band gaps). However, the conductivity may be increased by 
many orders of magnitude upon addition of conductivity dopants. The possibility of 
controlled doping was an extremely important factor for the success of inorganic SC 
technology because it allows adjusting their conduction properties. Overall, controlled 
molecular doping can be considered as a key enabling technology for many different organic 
device types that can lead to significant improvements in efficiencies and lifetimes
1
. 
However, electrical doping of organic semiconductors is still in its infancy. Thus, much effort 
should be directed toward the study of the doping phenomena in OSCs. 
Three main goals were pursued in the present work: 
 Design, synthesis and characterization of well-defined benchmark DA 
conjugated polymers; 
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 Design, synthesis and characterization of new highly efficient molecular p-
dopants; 
 Investigation of the doping process of conjugated polymers in film and solution; 
study of charge-transfer complexes upon their interactions. 
As a result of the study, development in synthesis of DA conjugated copolymers and 
new dopants as well as improvements in understanding of the structure-property relationship 
upon the molecular doping of process are expected. 
 
 
Chapter I. Outline 
 
 
The present dissertation is organized into four main parts: 
 Chapter I is the introduction. It contains a justification of the selected topic of research, 
general overview of the research field and motivation of this work. The goals of the 
present study are defined here. 
 Chapter II The concept of conjugated polymers as the main material of this research 
along with molecular dopants – is described. We pay our attention to literature-based 
analysis of state-of-the-art in the field, focus on synthetic strategies of designing 
polymers and molecular dopants. We discuss important mechanisms of polymerization 
which are crucial for the synthesis namely conjugated polymers. We point out doping 
techniques, their advantages and drawbacks. Characterization techniques are also the 
subject of this chapter. 
 Chapter III presents the results and discussion of research, namely synthesis of three 
polymers and their copolymers, doping in solution, their physical and chemical 
characterization, casting of polymeric films and their morphological characterization. 
This chapter consists of three parts. The first one describes investigation of the films 
based on diketopyrrolopyrrole-thiophene donor-acceptor polymer, their conductivity 
and morphological studies. The second and the third ones focus on naphthalene diimide-
based and isoindigo-based copolymers, respectively, especially on synthetic aspects of 
their preparation. 
The general conclusions are presented at the end of Chapter III. Also, the perspectives 
and yet unsolved problems of the field of solution-processable doped polymers are the 
subject of the outlook.  
 Chapter IV includes Experimental section, i.e. detailed description of instrumentation, 
synthetic methods, details of measurements, etc. 
In the last part of the work, the literature sources, table of abbreviations, list of publications 
and acknowledgements are listed. Additionally, appendix includes the materials that 
complement the main work content. 
 
Chapter II. State-of-the-Art. Introduction. 
 
State of the Art & Characterization Techniques 
2.1. General Introduction 
An important topic in materials science in the past few decades has been the 
development of organic semiconductors and their broad applications in electronics and 
photonics. These materials are promising in terms of their electronic properties, low cost, 
versatility of functionalization, thin film flexibility, ease of processing, etc. What is 
particularly exciting is the chemistry that has allowed the synthesis of conjugated 
polymers/small molecules with narrow optical bandgaps, tunable energy levels, and desired 
electronic properties. 
By varying the substituents attached to the conjugated system a vast array of different 
functionalities can be achieved within the polymer chain. This designability and 
processability make polymers an interesting group of materials for industry and research. A 
polymer with extended conjugation will exhibit electronic conductivity when suitable doped. 
The electric conductivity of an organic semiconductor is influenced by many factors including 
the chemical structure, choice of synthesis method, temperature, illumination, film 
morphology, doping concentration, dopant ion, etc.  
There are many classes of organic conjugated polymers. Such monomer units as 
ﬂuorene, carbazole, thiophene and its fused derivatives, benzothiadiazole and its derivatives, 
rylene diimides, diketopyrrolopyrrole, etc., have been employed to construct various polymers 
according to individual demands for speciﬁc applications. 
To design conjugated polymers several general principles should be kept in mind
8
: 
 including side chains to enhance the solubility and processability; 
 high molecular weights; 
 band gap and absorption behaviour (HOMO and LUMO energy levels); 
 suited morphology with low barriers. 
These factors are dependent on each other and must be comprehensively considered for 
speciﬁc applications. For instance, side chains play a signiﬁcant role for improving the 
solubility and the obtainable molecular weight of conjugated polymers, but also inﬂuence 
their intermolecular interactions through changes in morphology and thereby the charge 
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carrier mobility. Tuning the energy band gap for obtaining the desired absorptions will 
usually change the HOMO and LUMO energy levels, and thus change the emitting colour in 
an OLED or inﬂuence the open-circuit voltage in a polymer solar cells. Therefore it is 
necessary to fully account for these designing principles and balance the guiding concepts in 
pursuit of ideal polymers for speciﬁc applications. 
Still, the chemistry of conjugated polymers is to be optimized in many aspects before 
it may be implemented into production step. State-of-the-art in the field of π-conjugated 
polymers and molecular doping are to be outlined in this chapter and experimental techniques 
as well. 
2.1.1. Concept of Conjugated Polymers 
The saturated polymers, in which all of the four valence electrons of carbon are used 
up in covalent bonds forming four single bonds, are insulators; therefore they are not of 
interest as an electrically conducting material. The electronic configuration in conjugated 
polymers is fundamentally different. The essential characteristic of π-conjugation is the 
alternating single and double carbon-carbon bonds along the polymer backbone (Figure S1). 
Generally, the chain is based on carbon but there is a large number of systems including 
heteroatoms (e.g., nitrogen, sulfur) incorporated in the conjugated backbone. Each carbon 
binds to three other neighbouring atoms (compared to the four bonds formed in saturated 
alkanes). This results in three sp
2
-hybridized orbitals which form three σ-bonds that all are 
located in the same plane rotated 120° between each other. When a carbon atom binds to three 
other atoms one valence electron is left unbound in a non-hybridized p-orbital. These repeated 
atomic p-orbitals are oriented perpendicular to the plane of the σ-bonds and the extension of 
the polymer backbone. The electrons in these p-orbitals are not associated with any specific 
atom or bond which results in delocalized electron clouds along the entire polymer chain. 
This builds up the conjugated π-system and allows charge mobility along the polymer 
backbone and also in between adjacent chains. Inserting in its structure even two single bonds 
in a row leads to the break of conjugation and the loss of its intrinsically inherent properties. 
Additionally, the electronic structure of conducting polymers is determined by the chain 
symmetry (i.e., the number and kind of atoms within the repeat unit)
11
. 
The number of repeating units in the chain can vary from few tens up to few hundreds. 
Respectively, contour length of such molecules may vary from few nm up to few hundreds of 
nm. As a rule, it is significantly less than for usual insulating polymers on the market or 
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biopolymers, which length could exceed few µm. Polymer chain may adopt planar 
conformation due to the conjugation effect between π-electron clouds and electron density 
may uniformly distribute (delocalize) along the chain. 
a c 
b 
 
Figure S1. Monomer fragment of π-conjugated polymer. Common chemical structure model (a); van-
der-Waals model represents radiuses of atoms in the chain (b); ball-and-stick model (c) shows three-
dimensional position of the atoms. Angles between the rods are close to the angles between the real 
bonds, the distances between the centres of the spheres are proportional to the distances between the 
corresponding atomic nuclei. The chemical element of each atom is indicated by the sphere's colour. 
Exceptional optical and electrical properties are originated from the described 
structure. Very narrow bandgap in a range 1-3 eV is due to the π-conjugation, which allows 
polymer to absorb in the region of a visible light (also in the near-IR range) possessing 
usually strong extinction. Therefore, often we see such material as coloured. This property is 
particularly attractive in organic photovoltaics (OPV) and admits using thin polymer films as 
a light absorbing layer in polymer solar cells
3,12,13
 and photodetectors
14
. Furthermore, the 
material can produce light by different mechanisms
15
 (fluorescence, phosphorescence, and 
electroluminescence) and is used in OLED
16
, electrochromic devices
17
.  
One of the most important properties of CPs is their semiconducting electrical 
behaviour. CPs have demonstrated great promise as the thin film charge transport layer in 
organic field effect transistors (OFET). Their ease of solution processing, good mechanical 
properties and increasingly improving charge transport properties have prompted extensive 
research and development activity in both academia and industry
18,19
. Applications such as 
flexible displays, circuitry, and even RFID (radio frequency identification) have been 
proposed
20
, each of which have distinct electrical stability, and cost requirements. In 
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particular, the combination of a printed thin film transistor backplane for display applications, 
especially flexible displays, is an attractive proposition. 
There are many other potential applications worth mentioning here: polymer-based 
chemical sensors
21,22
, organic batteries
23
, thermoelectric material
24,25
, electrochemical energy 
storage
26
, transparent electrodes for displays
4,27
, biomedical applications
28,29
 (neural probes, 
biosensors, artificial muscles or actuators, controlled drug release), tissue engineering
30
, 
active surface switches for cell control
31
, active elements for organic non-volatile memories
32
, 
conductive adhesives
33
, supercapacitors
34
, electromagnetic shielding
35
, solid electrolytes
36
, 
ion exchange membranes
37
, electromechanical activators
38
, electrochromic
17
 and 
electroluminescent
15
 devices and so on. Intense efforts have been devoted to create new 
polymers for such applications, and significant progress has been achieved. For example, 
organic solar cells with >10% power conversion efficiency
39
, organic photodetectors with up 
to 1450 nm response and >10
12
 cm Hz
1/2
/W detectivity
14
, organic transistors with ambipolar 
mobilities beyond 10 cm
2
/Vs have been accomplished
40
. 
As for this thesis, the material studied may be applied in the following: OLED (doped 
highly conductive polymer film as a transport layer), OFET (thin film charge transport layer), 
OPV (light absorbing thin films). 
It is worth to note here that term «Conductive Polymer» might refer to the blends with 
electrically conductive additives (metal-coated fillers and fibers, carbon black, carbon fibers, 
etc.). The latter are called often «Extrinsically Conductive Polymers»41. However, the 
polymer in those blends itself is an insulator and such assignment may mislead. We use the 
term «Conductive Polymer» denoting only intrinsically conductive polymers. 
Another important point is that terminology, which is used to denote π-conjugated 
polymers, has to be clarified. Commonly used three terms in literature are π-conjugated, semi- 
and conducting polymers. There is no confusion between those terms. From the chemists 
point of view all structures with alternating double-single bonds (more correctly, with π(p)-
conjugated electron cloud) can be referred as π-conjugated molecules. Using this term we 
underline chemical nature of conjugation. Considering physical properties, polymer can be 
either semi- or conductive. Therefore, using term semi- or conducting polymers, we underline 
their ability to carry electricity in the corresponding conductivity range. 
 
2.1.2. Electronic Conduction and Necessity of Doping in Conjugated Polymers 
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A cursory summary of the band structure of CPs is necessary to understand their 
conducting properties. In general, CPs in their pristine (neutral) state are poor electronic 
conductors or insulators.  
According to the band theory, electrons which contribute to conduction can freely 
move along the so called conduction band (Figure S2a). The valence band is formed by the 
valence electrons which lay in the outer shell in the lowest energy states. The latter electrons 
are tightly bound and do not make a contribution to conductivity. For electron promotion 
from the valence band to the conduction band sufficient energy must be provided. The energy 
difference between those two bands is defined as the band gap. The closest band above the 
band gap is called the lowest unoccupied molecular orbital (LUMO) and electrons lying on 
this band contribute to conductivity. The closest band beneath the band gap is called the 
highest occupied molecular orbital (HOMO) or the valence band. The valence band is built 
out of the valence orbitals which contribute to bonding in molecule. 
a
 
b
 
Figure S2. a) Energy diagram of a band gap structure for semi-conductor and non-conductor;  
b) development of the band structure of polythiophenes from energy levels of monomer through 
hexamer to infinite chain (polythiophene). Reproduced from ref.
42, Copyright© 1998 Elsevier Science 
S.A. 
This model describes the bands in small organic molecules. However, energy levels 
distribution in disordered semiconductors (most of conjugated polymers) is quite complicated 
due to the large number of connected repeating units. An example of the energy bands 
splitting in thiophene from monomer through hexamer till infinite chain by gradual 
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development of the band structure is shown on Figure S2b
42
. Because of the large conjugated 
structure, the resulting energy distribution in infinite chain can be described as a density of 
states in corresponding bands. For the sake of simplicity, such bands are pictured as coloured 
rectangles on energy distribution diagram. The lower boundary of the conduction band is 
defined as LUMO, the upper boundary of valence band as HOMO. The difference between 
those boundaries determines the band gap of the polymer. 
The band gap in conjugated polymer films is not well defined since the film consists 
of several chain segments that correspond to a distribution of band gaps. This is due to 
variations in chain lengths of the polymers or defects related to morphological disorder, 
chemical defects, interaction with the solution or carrying surface etc. The band gap value is 
therefore an experimental parameter which is an average of all polymer chains that together 
are building up the solid film or solution
43
. 
Considering the described electronic structure, materials can be roughly classified in 
insulators (large band gap), semi- (0.5-4eV) and conductors (almost no gap) (Figure S2a). A 
conductor is characterized by overlapping of the valence and conduction band, therefore 
electrons move freely within material as is commonly accepted in «electron sea model». If the 
material has quite large band gap (>4 eV), electrons promotion is very difficult or not possible 
at all (high energy needed for electron promotion can damage chemical bonds most likely
44
). 
That’s why such material possesses insulating properties. In turn, semiconductors have 
moderate band gap and intermediate conductivity (Figure S3). As for conjugated polymers, 
they possess in pristine state very low conductivity in a range 10
-6
-10
-11
 S/cm and show very 
poor electrochemical activity. For many applications required conductivity should be 
increased up to semiconducting region (10
-5
-10
-2
 S/cm) or even higher, conducting level (10
-1
-
10
4
 S/cm). Doping is an efficient way to fulfil this requirement. 
 
Figure S3. Typical range of conductivities for insulators, semiconductors, and conductors with several 
well-known compounds as the reference points. 
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In a very simple explanation, doping process is either a removal of electrons from the 
highest occupied molecular orbital or addition of electrons to the lowest unoccupied 
molecular orbital, or photo/thermo-excitation followed by electron transfer from HOMO to 
LUMO. More detailed observation of this phenomenon is described in Chapter 2.2. 
2.1.3. Solubility and Processing.  
Two main pathways to obtain thin films are considered: wet processing and vacuum 
deposition. A lot of inorganic compounds and small organic molecules can be vacuum 
deposited on a substrate. In this case, several material properties are required in order to be 
evaporated and deposited on the substrate under reduced pressure: volatility, sufficient 
thermal stability (means, no degradation up to a certain heating level), and resistivity to a 
thermal stress. Vacuum deposition method provides high reproducibility, high accuracy on a 
microscale, and gives freedom in a stack design at constructing multilayer composition. The 
special equipment, complexity, maintenance of high vacuum, loading and unloading 
processes cause considerable production costs. What is equally important is that many 
compounds do not possess intrinsic ability to be thermally evaporated without destruction. So, 
described method has its fundamental restrictions. As a rule, polymers having high molecular 
masses are not volatile material, therefore they cannot be vacuum processed without 
damaging of their structure. However, polymers can be processed from solution (wet 
processing), or from melt. Exactly wet processing is assumed to be the key advantage upon 
deposition of a polymer layer. Solution deposition method is much simpler in use and, in fact, 
requires for material only one property – solubility. The diversity of solvents allows selecting 
an appropriate medium for each case according to the polymer kind. This is one of the reasons 
that further progress in organic electronics is frequently associated with the use of solution-
processed conjugated polymers which can enable cheap fabrication of large-area and flexible 
electronic devices
45
. However, this method also has several disadvantages, namely: solvent 
effects might happen, low reproducibility for some techniques, additional drying step might 
be introduced, limited stack layout. We are not taking into account engineering aspects of the 
processing, which are not the subject of this work and can be found in monography
46
. 
Several techniques may be applied to cast film from solution: spin coating
47
, dip 
coating
48
, direct casting (drop casting), layer-by-layer self-assembly technique
49
, Langmuir-
Blodgett
50
, deposition followed by cross-linking
51
, inkjet printing
52
, offset printing etc. In 
addition, inkjet printing is compatible with roll-to-roll (R2R) processing and can be 
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effectively combined with other existing techniques such as gravure, screen-printing, offset 
lithography or flexography to optimize the production process
52,53
. 
The processing of polymers while maintaining their conductive properties was, and, 
perhaps, remains an issue and the subject to study. Because the interchain electron-transfer 
interactions of conjugated polymers are relatively strong compared with the van-der-Waals 
and hydrogen bonding interchain interactions typical of saturated polymers, conducting 
polymers tend to be insoluble and infusible. Thus, there was serious doubt in the early years 
following the discovery that π-conjugated polymers could be doped to the metallic state as to 
whether processing methods could be developed. Significant progress has been made using 
four basic approaches
11
:  
1. side chain functionalization, particularly used for processing semiconducting 
polymers from solution in organic solvents or from water; 
2. precursor route chemistry, particularly used for processing polyacetylene and PPV 
into thin films; 
3. counterion-induced processing, particularly used for processing polyaniline in the 
metallic form from organic solvents; 
4. aqueous colloidal dispersions created by template synthesis, particularly used for 
processing polyaniline and poly(ethylenedioxythiophene), PEDOT. 
Rather a simple and efficient way of chemical modification of a polymer chain 
through the side chain functionalization was developed for processing semiconducting 
polymers from solution in organic solvents or from water. At present, the introduction of 
solubilizing side chains is one of the requirements for construction of CP. One of the most 
famous example of this approach is poly-3-alkyl thiophenes soluble in many organic solvents, 
which for more than two decades have been excellent model systems for research in OE and 
related areas
54
. 
The main point is that alkyl chains provide strong interaction with solvent and impede 
the aggregation of large polymer molecules in solution. At the same time, they may provide 
regular arrangement and orientation in the film. However, saturated alkyl chains are insulators 
and, in fact, significantly limit the space around the polymer backbone available for 
intermolecular hopping of charge carriers. Moreover, bulky side chains connected to adjacent 
polymer units might additionally interfere with each other and this may lead to twisting of the 
neighboring units and, thus, breaking the conjugation.  
The design of the side chains is similar in significance to the conjugated backbone. 
They have not been fully exploited even though numerous substituents have been tested over 
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the years which significantly enhance their functionality
55
. Structural modification of polymer 
side chains, such as alterations in length, shape, position, bulkiness, symmetry, density, and 
chirality can substantially impact intermolecular interaction and molecular packing. Some 
recent studies have begun to focus on side chain engineering, collectively observing that this 
approach could greatly enhance the charge carrier mobilities of the OFETs
40
 and power 
conversion efficiencies in OPVs
56
. 
Various flexible chains have appeared. Specifically, there is currently a relatively large 
side chain toolbox. These side chains can be categorized based on their compositions
55
 (Fig. 
S4): 
 alkyl includes linear, cyclic or branched alkyl chains; 
 hybrid includes electron-donating/accepting side chains (hydroxyalkyl-, thiolo-, 
carboxy-, amido-, keto-, alkylsulfonyl-, alkylsiloxy-groups, etc.); 
 ionic includes ion-forming side chains (carboxy-, sulfonic-, phosphonic-, 
quaternized amine salts, etc.); 
 oligoether provides solubility in polar solvents without using ionic groups; 
 ﬂuoroalkyl or partly fluorinated chains improve hydrophobicity, rigidity, chemical 
and oxidative resistance, self-organization, etc.;  
 latent reactive side chains allow forming cross-linking networks, may be partially 
cleaved or remove of entire side chain (azides, bromides, acrylates, Diels-Alder 
components, silyl-, tertiary esters, etc.). 
 
Figure S4. Side chains in conjugated polymers. 
To sum up, the solution processability of CPs provides the potential for inexpensive 
solution and/or low-temperature processing. Side chain engineering has been successfully 
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employed not only to extend solubility and processability of CPs but also to implement 
additional functionality into polymer chain in order to improve final device performance. The 
efforts of integration of printing technologies using high-throughput methods such as roll-to-
roll printing, inkjet printing, etc. in plastic electronics manufacturing are of current interest in 
research. 
All polymers synthesized and studied in this thesis include in their structure alkyl side 
chains with different lengths and branching. 
2.2. Doping 
2.2.1. Concept of Doping in Conjugated Polymers 
Most of π-conjugated polymers and small-molecule organic semiconductors in their 
pristine state possess rather low electrical conductivity because of a relatively large offset 
between HOMO and LUMO (large band gaps); however the conductivity may be increased 
by many orders of magnitude upon addition of conductivity dopants
1
. It was particularly 
demonstrated that admixing of organic semiconductors with strong oxidizing agents leads to 
the generation of free charge carriers (holes) due to the transfer of electrons from the 
semiconductor to the oxidizer. This process, called p-doping, is widely used for improvement 
of performance of optoelectronic devices. For example, the introduction of heavily doped 
organic layers facilitates charge injection thus greatly improving the operation of organic light 
emitting diodes (OLEDs)
57
 (e.g., lowers their operating voltage and increases the lifetime) up 
to a level acceptable by industry and this concept is used for fabrication of AMOLED 
displays in smartphones. It was also demonstrated that controlled doping of organic 
semiconductors increases charge-carrier mobility in transistors
58
. In addition, doped layers are 
essential components in organic inversion and depletion mode transistors
59
. To date, the most 
impressive progress in application of doped organic semiconductors was achieved with small 
molecules processed by vacuum evaporation
1
. However, further progress in organic 
electronics is frequently associated with the use of solution-processed conjugated 
(semiconducting) polymers which can enable cheap fabrication of large-area and flexible 
electronic devices
60
. For solution-processed devices, the most commonly used hole-
injection/transporting layer is PEDOT:PSS, which is poly(3,4-ethylenedioxythiophene) 
oxidized by strong inorganic peroxides or metal salts in the presence of poly(styrenesulfonic 
acid) used as the counterion and solubilizing component
61
. However, PEDOT:PSS suffers 
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from severe luminescence quenching of light-emitting layers via long-range Forster energy 
transfer
62
. In addition, an excess of the acidic PSS in PEDOT:PSS causes etching of indium 
tin oxide (ITO) electrode, releasing indium and tin that might degrade the overlying light-
emitting layer
63
. Various inorganic oxidants such as I2
64
, FeCl3
65
, SbCl5
66
, ReO3
67
, and WO3
68
 
are strong dopants, however they are rarely used in organic devices due to their corrosive-
activity and diffusivity at high electric fields, which significantly lower device efficiency and 
lifetime. 
Alternatively, electron-deficient organic compounds (molecular p-dopants) such as, 
tetrafluorotetracyanoquinodimethane (F4TCNQ)
69
, its derivatives
70,71
 and more recently, 2,2-
(perfluoronaphthalene-2,6-diylidene)dimalononitrile (F6TCNNQ)
72
, have been widely used 
for the generation of highly conductive interlayers in organic electronic devices. Particularly, 
it was demonstrated that doping of soluble thiophene-based semiconducting polymers, such as 
poly(3-hexylthiophene) (P3HT)
69
 and PBTTT
73
 by F4TCNQ leads to a dramatic increase in 
the conductivity from 10
-6
 S/cm for neat polymers up to 1-2 S/cm for solution-processed 
doped polymers and even up to 250 S/cm for the vacuum deposited dopant
74
. Although 
F6TCNNQ was applied for the doping of vacuum-processed hole-conductive materials in 
OLEDs
75,76
, we are not aware of their use for the doping of high-performance solution-
processable π-conjugated polymers, especially donor-acceptor copolymers. 
Mechanism of doping. 
The doping process involves charge transfer reduction-oxidation as can be illustrated 
with the following equations: 
p-type doping: Polymer + p-dopant → [Polymer
x+ 
 x p-dopant
-
]; 
n-type doping: Polymer + n-dopant → [Polymer
x- 
 x n-dopant
+
]. 
In these equations a dopant molecule chemically interacts with polymer giving charge-
transfer complex. That is why the term «molecular doping» is commonly used instead of 
general «chemical doping». Dopant is not covalently bonded to the host (polymer matrix) 
and, therefore, exhibits a tendency to migrate along the polymer film under the influence of 
an electric field or via diffusion. This rendered, for example, doped injection layers for ohmic 
contacts or p-n junctions unstable under operating conditions
77
. 
Charge carriers are generated by a charge transfer (CT) process between the polymer 
matrix and the dopant followed by the dissociation of the CT complex into free carriers
78
. 
However, the binding energy of the holes/electrons to the ionized dopant is higher than that of 
inorganic semiconductors due to the low dielectric permittivity of organic material (about of 
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3)
79
. Therefore, charge transfer from a host molecule to a dopant generates a strongly 
Coulomb-bound charge pair rather than a free carrier, because the thermal excitation by the 
lattice vibrations at room temperature is insufﬁcient to fully dissociate the charge pairs into 
free carriers
80
. A relatively high density of traps for charges in combination with a high 
energy barrier for charges to migrate from one chain to another (so called electron hopping), 
results in small intrinsic bulk conductivity. That is why the organic material requires much 
higher dopant concentration (dozens of percents) to increase the conductivity so that the 
material can be used as a conductor. In comparison, only a few ppm of doping concentration 
is needed to considerably impact the conductivity of Si. 
Two models have been proposed to explain the host-dopant ground-state interaction in 
organic semiconductors. One is the integer charge transfer (Figure S5a) model and the other 
one is the hybrid charge transfer complex model (Figure S5b). The difference between the 
models is whether or not a host molecule and a dopant molecule form a hybrid molecular 
orbital in the charge transfer state
77,80,81
. 
a 
 
b 
 
Figure S5. a) Ion-pair formation and b) the formation of a ground-state charge transfer complex. 
In case of p-type doping, dopants LUMO level has to lie lower in energy than HOMO 
of polymer, it means dopant is characterized by larger electron affinity (oxidation potential) 
than the ionization potential of polymer matrix (Figure S5a). Electron is transferred from 
polymers HOMO to the acceptors LUMO resulting in the formation of an acceptor anion and 
a donor-polymer cation, that is, the ion pair. Numerous evidences in favor of this model have 
been observed
81–84
. The second model (Figure S5b) explains host-dopant interaction with 
positive EHOMO,host−ELUMO,dopant offset. The LUMO of dopant in this instance lies slightly 
above the polymers HOMO, and oxidation potential of dopant is weak for ground state 
electron transfer. But, in fact, spectroscopic data and electrical conductivity of the complex 
provides insights into the complex formation even in this case. Polymers and dopants orbitals 
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are hybridized to form a new set of occupied bonding and empty antibonding orbitals, and the 
relative amplitude of the hybridized-complex HOMO and LUMO on the parent molecules 
determines the amount of charge transfer which can now take on also partial values. Overall, 
the hybrid complex is charge-neutral. Numerous examples for CT complexes have been 
reported, but only a few with conjugated polymers
83
. This study observes both cases in the 
Result and Discussion part (Chapter III, Section 3.1). 
2.2.2. Morphological Changes of the Material upon Doping. Conductivity. 
Molecular doping is considered to be technologically simple and efficient procedure. 
Dopant, which is a small molecule dissimilar in properties (relative to the matrix), is inserted 
into organic material and it leads to an increase in electrical conductivity. However, the 
performance of doped conjugated polymers is greatly influenced by the nature of dopant and 
its distribution within the material
11
. The doping introduces carriers into the electronic 
structure. Since every repeat unit is a potential redox site, conjugated polymers can be doped 
n-type or p-type to a relatively high density of charge carriers. The attraction of an electron in 
one repeat unit to the nuclei in the neighboring units leads to carrier delocalization along the 
polymer chain and to charge carrier mobility, which is extended into three dimensions 
through interchain electron transfer. In general, electrical bulk conductivity is proportional to 
the electric charge, mobility of charge carriers in polymer matrix and charge carrier density:  
σ = e ∙ μ ∙ ρ 
 where σ – electrical bulk conductivity, e – electric charge of charge carrier (electron), μ – charge 
carriers mobility, ρ – charge carrier density. 
Therefore, to maximize conductivity both the mobility and the charge density should be 
increased. The first key factor in improving of electrical conductivity is the carrier mobility. It 
is strongly influenced by the crystallinity and molecular packing structures of the organic thin 
films
47
. Well-known and widely cited work with amorphous, semi-ordered and highly 
crystalline pentacene nicely prove it
85
. Because of the small van der Waals interaction 
between organic molecules, the crystallinity, grain size and crystal alignments of the solution-
processed organic thin films have been shown to be very sensitive to the fabrication 
conditions. In addition to the changed thin film morphology, certain molecular organic 
semiconductors can form various molecular packing structures (polymorphs) by changing 
film formation processes
86
. Such methods as casting on the grooved substrate
6
, high 
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temperature rubbing
87
 and off-center spin coating
47
, were developed for achieving oriented 
films with greatly improved mobility. 
In addition, introducing of longer alkyl side chains
88
, control of end groups
89
, 
fluorination
90
 of backbone and enhancement of regioregularity in chemical structure
91,92
 are 
factors that further improve the molecular arrangement in the films, and hence, the carrier 
mobility. For example, by using a novel off-center spin-coating method the highly aligned, 
meta-stable C8-BTBT films were fabricated which show a significantly increased thin film 
transistor hole mobility up to 43 cm
2
/V s, which is perhaps the highest value reported to date 
for organic molecules
47
. 
The impact of polymer molecular weight distribution on charge transport is a matter of 
continuous study. It is stated that the charge transport is limited by interchain hopping and 
that carriers have no preference for low or high MW chains. One should take precautions to 
ensure that the entire molecular weight distribution lies above the threshold at which 
aggregates are well connected and transport is disorder-limited. Thus, chemists must keep in 
mind that high MWs are likely a prerequisite for achieving good charge transport, and should 
focus on the ways to improve interchain transport and design molecules which are more 
tolerant to the high levels of disorder which are likely inherent in macromolecules of this 
size
93
.  
Higher carrier density in OSCs is desired to form an Ohmic contact between an 
electrode and an organic layer for such applications as OLED and OPV
94
. A dopant 
generating high carrier density under a given doping concentration is preferred to yield high 
carrier density from the doping. Therefore, an investigation of the factors affecting the charge 
generation efficiency is necessary to develop an efficient dopant, where the charge generation 
efficiency is defined as follows
80
: 
𝑐ℎ𝑎𝑟𝑔𝑒 𝑔𝑒𝑛𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
number density of carriers generated by doping
number density of dopant molecules
 
Since doping is taking place by CT from host molecules to dopants (in case of p-
doping), the energy difference between the HOMO level of the host and the LUMO level of 
the dopants is expected to certainly affect the charge generation efficiency. Systematic 
investigation of the effect of the energy-level difference on doping efficiency was done by 
several research groups
83,95
. It was found indeed that the host with a higher-lying HOMO 
level generated a larger carrier density than a host with a lower-lying HOMO level for a 
dopant. 
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A comprehensive picture of how doping inﬂuences molecular order of conjugated 
polymers is still under discussion, because different findings have been reported for different 
systems and experimental methods
58,80,96
. A precisely controlled doping of organic 
semiconductors in transistors may lead to an increase in the charge-carrier mobility
58,97
. 
Evidently, the nanomorphology of the film has to ensure a maximum of free charge carriers 
contributing to the conductivity and also provide continuous pathways for eﬃcient charge 
carrier transport through adjacent chains. Usually, in order to dope conjugated polymer with 
soluble dopant, two components are combined in solution. Such kind of doping leads to 
charged species that remain closely bound in solution. The high polarity of the species causes 
them to easily precipitate out of the solvent. Consequently, large highly doped agglomerates 
are formed making it difficult to cast homogenous thin films of sufficient quality
98
. As such, 
significant morphological changes in the casted polymer film (size and orientation of the 
polymer’s crystallites, surface roughness) occurred compared to the neat polymer film. 
Obviously, this effect has impact on the mobility. Therefore, the study of the doping on the 
morphological changes in the film can be considered as one of the major research goals in the 
recent years
1,81,96
. This task is also addressed in the current thesis. 
As an example, P3HT doped with F4TCNQ system has been extensively studied. It is 
very sensitive to a variety of parameters. Interaction of polymer and dopant in solution can 
affect thin ﬁlm properties99. It was shown that the temperature of the blend solution 
determines the thin film conductivity
100
. By varying the dopant concentration, Duong et al. 
concluded on two diﬀerent doping regimes: a weak and a strong one101. The transition to the 
strong regime is accompanied by the formation of a new crystalline phase in films, interpreted 
as F4TCNQ incorporated into P3HT crystallites. The use of alternative deposition technique 
called solution-sequential processing (with orthogonal solvents) can overcome the issues of 
solubility and agglomeration at high dopant concentrations associated with blend-casting to 
easily prepare F4TCNQ-doped ﬁlms of P3HT with superior ﬁlm quality, scalability, and 
electrical properties. The technique shows that doped ﬁlms have a similar surface roughness 
to pristine ﬁlms, and 2-D GIWAXS experiments show that sequentially processed F4TCNQ 
incorporates neatly into the P3HT ﬁlm structure, maintaining the crystalline domain 
orientation and much of the overall crystallinity. By choosing the appropriate casting solvent, 
achieved conductivity can be as high as 5.5 S/cm 
98,102
. Another way to overcome the 
aggregation of the P3HT/F4TCNQ system is the casting from high boiling solvents (e.g. 
chlorobenzene) along with raising the temperature of the blended solution
73,83,100,101
, however 
it may have a detrimental effect on the conductivity both in solution
85
 and in thin films
98
. 
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Recent studies by Gao et al. underline the requirement for ordered P3HT-domains to 
eﬃciently separate charge carriers and hence eﬃcient doping103,104. By comparing 
regiorandom with regioregular P3HT or artiﬁcially grown J-aggregate nanoﬁbers with 
polymorphic H-aggregate nanoﬁbers with less order, it was concluded that high purity and 
order of P3HT for intrachain polaron delocalization is necessary, resulting in eﬃcient charge 
separation
105
. 
One more important finding reported recently by the group of Sirringhaus
74
 has to be 
mentioned. Doping of a pre-deposited thiophene-based π-conjugated polymer (PBTTT) with 
F4TCNQ by vacuum deposition results in the polymer retaining its highly ordered lamellar 
microstructure, with the dopant incorporated into the layer of side chains. With this solid state 
diffusion method a much higher electrical conductivity of up to 250 S/cm was achieved. In 
case the same dopant was co-deposited with the same polymer from solution, the dopant was 
found to be intercalated between the π-stacked conjugated chains, presumably introducing 
some disorder into the π-stacking; the resulting electrical conductivity at the maximum 
achievable doping level was more than two orders of magnitude lower (2 S/cm)
73
. 
Summing up, the introduction of the dopant into polymer matrix should not perturb or 
has minimum impact on the ordered microstructure of the semiconducting polymer in ideal 
case. Thus, the structural order is a crucial element for charge coherence in doped conducting 
polymers. 
2.2.3. State-of-the-art p-dopants. 
As it was mentioned, charge carrier generation by doping occurs as a result of CT 
process between a polymer matrix and a dopant molecule. In case of p-doping, a compound 
must possess a large electron affinity (EA) (large work function) to be considered as a p-
dopant. The lower position of the dopants LUMO than the polymers HOMO on energy 
diagram is preferable for spontaneous ground state charge transfer (Figure S5a). 
Nevertheless, the positioning of dopants LUMO either very close to the level or slightly 
above the polymers HOMO results in formation of hybrid CT complex (Figure S5b) and the 
partial charge transfer is presumed in such case. 
At the beginning of a new era of CPs doping halogens were used as a p-dopants
106
. 
However, they were not suitable for practical usage because of their high reactivity and 
toxicity, volatility and diffusivity, thermal instability. Since then, a large number of materials 
has been created and proposed as dopants
80
. Up-to-date p-dopants used in the doping of 
organic semiconductors (including polymers) can be classified into several groups: 
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 low molecular weight fully-organic substances; 
 inorganic oxidizing salts; 
 organo-metallic complexes; 
 transition metal oxides. 
Transition metal oxides (TMO) (MoO3, V2O5, WO3, etc.) contain transition metals in 
the highest oxidation state in order to have high electron affinity (and high work function). 
During the last few years, they have been extensively studied because of their properties for 
charge injection and extraction in organic electronic devices
107
. TMOs have been used to 
realize efficient and long-term stable p-type doping of wide band gap organic materials, 
charge-generation junctions for stacked OLED, sputtering buffer layers for semi-transparent 
devices, and OPV cells with improved charge extraction, enhanced power conversion 
efﬁciency and substantially improved long term stability108. At the same time, TMOs have 
significant shortcomings which impede their use as a solution processable material. They 
have been predominantly accessible only for ﬁlms thermally evaporated in high-vacuum so 
far. Nevertheless, recent investigations on TMO layers obtained by solution processing were 
reported
108
. Nice illustration is MoO3 processed from nanoparticle dispersion
109
 or by sol-gel 
deposition
110
. However, such methods of deposition require additional subsequent oxygen 
plasma treatment to remove the polymer surfactant or post-deposition annealing at elevated 
temperatures, respectively. These steps lead to significant morphological changes of the film 
surface or formation of the particle aggregates, thus limiting the applicability of the processes. 
That is why more research efforts are needed to find suitable methods for polymer/TMO co-
deposition. 
Some inorganic salts are close to TMO on oxidizing properties. As a good example, 
salts of nitrosonium cation NO
+
X
−
 (X= PF6, BF4, SbF6) are considered to be a useful 
oxidizing (p-doping) reagent for π-conjugated oligomers and polymers in solutions because 
the oxidation reaction is expected to proceed cleanly by releasing NO to give anion-doped 
polymers
111–115
. 
Organo-metallic complexes are more known as n-dopants
1
, however recent 
studies
116,117
 have determined that Mo(tfd)3 (Fig. S6) can be used as efficient p-dopant with 
EA of 5.6 eV in condensed form (i.e., 0.35 eV greater than that of F4TCNQ). Good stability 
of Mo(tfd)3 molecules in a film against diffusion, even at elevated temperature, more uniform 
dispersion compared to TMOs in organic hosts
118
 are the advantages of this dopant. Up-to-
date, this dopant was used only for the doping of small conjugated molecules. 
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Two efficient molecular dopants, namely NPD-2 and NPD-9 with HOMO levels -5.0 
and -5.1 eV were introduced by Novaled GmbH
119,120
. Their chemical structure has not been 
disclosed; however reported data allows us to state their doping strength as a moderate to 
high. They possess high immobility even at elevated temperatures, solubility in a variety of 
solvents and stability: their solutions can be stored for several days without loss in activity
121
. 
 
Figure S6. Chemical structure of p-dopants: molybdenum tris(1,2-bis(trifluoromethyl)ethane-1,2-
dithiolene (Mo(tfd)3) complex, fluoroalkyl trichlorosilane (FTS) and tris(pentaﬂuoro-phenyl)borane 
(BCF). 
Chemical doping using FTS (fluoroalkyl trichlorosilane) has been proposed to achieve 
high p-type carrier concentration
122
. In this case, a FTS layer is formed on top of the organic 
layer by immersing the sample to the FTS vapor resulting in effective charge transfer doping 
at the OSC/FTS interface. A highly conductive state has been demonstrated for P3HT and a 
value of 1100 S/cm for PBTTT, which is one of the highest observed in thiophene-based 
polymers
123
. Unfortunately, doping procedure is mainly applicable for the interfacial doping 
and, to a lesser extent, to the doping of bulk semiconductors; it is quite sophisticated and can 
be performed only in gaseous phase, it is poorly controllable and takes a lot of time (two 
weeks for high doping). Besides, the doped film is stable only in high vacuum or nonpolar 
gases. This fact greatly complicates its practical application so far. 
Method which utilizes Lewis acids preserves the solution processing ability wherein 
the Lewis acid may be either inorganic substance or fully-organic
124–126
. So, DTS-Py polymer 
can be p-doped by adding Lewis acid BCF (tris(pentaﬂuorophenyl)borane)97 (Fig. S6). It 
results in red-shifted absorption spectra and two orders of magnitude increase in mobility. 
Surprisingly, the increased free-hole density on the polymer is realized without observing 
common features of charge-transfer doping, such as near-infrared absorption or EPR 
signatures. Unfortunately, no conductivity measurements have been reported, therefore, it is 
not quite clear how exactly the doping can be estimated. Moreover, atoms with free lone pair 
Chapter II. State-of-the-art p-dopants. 
Page 26 
orbitals (nitrogen in pyridine in this case) must be included in the structure of polymer since 
these pairs provide interaction with Lewis acid. It significantly interferes the polymer 
electronic structure and shortens the range of available polymers. This fact, along with the 
questionable details of the free charge carrier formation, electrical characteristics and other 
uncertainties are the reasons that described method is not widely used so far. However, very 
recent work of Pingel et al.
125
 shed light on the detailed analysis of BCF-doping of P3HT 
layers. P3HT has a Lewis basic character in conjunction with BCF due to the electron lone 
pairs at the sulfur atoms of the thiophene rings. It was proved that the addition of BCF to 
P3HT leads to p-type doping via integer charge transfer and that the charge carrier density 
exhibits a very similar dependency on dopant concentration for BCF and F4TCNQ. At the 
same doping ratio, the conductivity of BCF-doped layers is ~3 times higher than in F4TCNQ-
doped samples. Also, typical absorption bands in the near-infrared range and strong EPR 
signal were observed as the fingerprints for P3HT polarons and BCF-radical-anions. 
Nowadays stable p-doping is accomplished by adding molecular π-electron acceptors. 
These dopants are applicable to a wide range of polymers and can be processed by both 
solution-based and vacuum-vapor-deposition. Such molecular dopants having high EA have 
been studied since 1960s. The dopant molecule must have the LUMO which is accessible to 
the HOMO of organic SC and a stable structure that can be reoxidized without reactions with 
surrounding matrix. The quinone structure meets these conditions, and therefore, first research 
was focused on benzoquinone derivatives. Chloranil
127
 and TCNQ
128,129
 can be considered as 
the first successful molecular p-dopants, however their EA was quite poor
71
 (LUMO -2.76 
and -2.80 eV, respectively) (Fig. S7). A number of π-CT complex molecular acceptors were 
evaluated according to their EA
130
 but just few of them were applicable as dopants. The 
introducing of strong electron-withdrawing groups (F, CN) as the substituents into the 
quinone structure allowed significantly lowering of dopants LUMO. In this way, stronger 
acceptors were synthesized, namely DDQ
129,131
 (LUMO -4.6 eV) and F4TCNQ
130,132
 (LUMO 
-5.24 eV). For the past two decades the latter dopant has become a widely used standard 
molecular dopant in academia research on doping of organic SCs. Few years ago more 
powerful p-dopants F2HCNQ
133
 (LUMO -5.59 eV were stated by authors, but, according to 
CV measurements, it is only by 0.26 V more electronegative than F4TCNQ, that means more 
accurate value is -5.50 eV according to our scale on the Fig. S7) and F6TCNNQ
72
 (LUMO -
5.37 eV) were introduced which are essentially the analogues of F4TCNQ. 
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Figure S7. Chemical structure and LUMO levels of molecular p-dopants. 
In addition, highly fluorinated fullerene C60F36 was developed which is characterized 
by high stability against diffusion through low-molecular SC
134
 and non-volatility/higher 
thermal stability of the doped layer during the OLED or organic solar cell production process. 
However, the replacement of the F4TCNQ by C60F36 in p-i-n OLEDs, organic solar cells or 
TFTs leads only to a slightly improved device performance
135,136
. Assuming difficulties in the 
synthesis, availability and the high price of fluorinated fullerene compared to F4TCNQ, its 
usage as a dopant is doubtful so far. 
Most of described molecular dopants possess low solubility in common organic 
solvents. This fact might limit their solution processing efficiency. Therefore, a synthetic 
route to soluble versions of F4TCNQ-type dopants (e.g., F4OCTCNQ) has been recently 
demonstrated
71
. Improved solubility (by a factor up to 100, from few mg up to two hundreds 
in 1 ml of chloroform) is achieved by replacing cyano groups on the F4TCNQ framework 
with ester groups. Despite the lower EA (~0.1 eV) than F4TCNQ, monoester dopant lead to 
increased polaron density and slightly more efficient doping in P3HT than F4TCNQ. Thus, 
the work shows that single ester replacement is a viable method to modify common dopant 
structures preserving high EA, increasing miscibility with the desired polymer and even 
improving doping efficiency. 
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Finally, it is worth mentioning that the majority of works on the doping of organic 
semiconductors
1,77,78,80,81
 deal with several types of molecular π-dopants, such as F4TCNQ 
(and its analogues), F6TCNNQ, (fluorinated) fullerene, and just a few more. The selection of 
the most effective dopant in each case depends on the properties of the host material 
(particularly ionization potential) and its application. In general, the charge generation 
efficiency of p-dopant is directly related to the energy difference between HOMO level of the 
host and the LUMO level of the dopant: 
ΔE = EHOMO,host − ELUMO,dopant 
and the higher ΔE results in the higher doping efficiency118,137. In this regard, for the DA 
polymers possessing high charge carrier mobilities and HOMO levels lower than -
5.2 eV
19,138–140
, the use of dopants with EA larger than that of F4TCNQ seems to be 
beneficial. However, it was reported for F4TCNQ-doped P3HT
82,141
 that only 5% of the 
hole/dopant pairs formed due to the integer charge transfer act as mobile holes and contribute 
to the conductivity. This Coulomb attraction between ionized dopant and free charge carrier is 
typically strong in OSC owing to their low dielectric constant. Thus, the only increasing p-
dopants EA is not sufficient for achieving high conductivities
142
; rather improved 
understanding of the underlying mechanisms of the molecular doping in organic 
semiconductors is required
77
.  
2.3. Synthetic Strategies for the Design of (Semi)conducting Polymers 
Tailor-made conjugated polymers have to be designed and prepared in order to address 
the needs of a wide range of OE applications. To obtain diverse polymeric structures, reliable 
and versatile formation of C−C bonds between two (hetero)aryl groups is needed. Over the 
years, numerous review articles and books have been issued around the field, most often 
directed to a class of polymers or type of property they impart providing a deep and complete 
scientific overview
9,10,13,143–146
. Here we only briefly discuss essential achievements in the 
field mainly focusing on the most important classes of (semi)conducting polymers. 
2.3.1. A Concise Review: from Polyacetylene till Modern DA Polymers  
A breakthrough in conjugated polymers was coming-out in the end of 1960’s – 
beginning of 70’s. When one considers the early days of conjugated polymer synthesis, the 
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work on the oxidation of aniline, presumably forming polyaniline, and on polypyrrole are 
often referred to as landmark developments in the field. The discovery of polypyrrole
147
 and 
polyaniline
148,149
conductive films doped by halogens, organic charge-transfer salts such as 
those based on TTF:TCNQ
150
, metal-like inorganic polymer sulphur nitride (SN)x
151
 
contributed greatly to the following finding. The breakthrough was realized by three awarders 
of Nobel Prize in Chemistry in 2000, who were Alan J. Heeger, Alan G. MacDiarmid, and 
Hideki Shirakawa. In 1977, they accidentally discovered that insulating π-conjugated 
polyacetylene (PA) could become conductor with a conductivity up to 10
3
 S/cm by 
conversion of cis-PA into trans-PA followed by iodine doping of the latter form
106
. The 
unexpected discovery has not only broken a traditional concept, according to which organic 
polymers were only regarded as the insulators, but also established a new field of conducting 
polymers, which also called as «Synthetic Metals»152. Unfortunately, PA is not processable 
and degrades in the presence of oxygen or water.  
Since then many scientists have investigated more stable conjugated polymers. In the 
beginning of the 80’s, a lot of studies were devoted to polypyrroles, polythiophenes, and 
polyanilines produced by the means of electropolymerization. This method has the advantage 
of being able to prepare thin films of these infusible and insoluble conjugated polymers in one 
step. The insolubility was caused by the strong van-der-Waal’s attraction between the 
polymeric backbones. Relatively rigid planar system stuck in a π-stacking due to the multiple 
interactions, especially between doped sites of molecules. Large crystallites of polymer were 
not melt or solution-processable. However, the main goal was the development of polymeric 
materials that combine the electrical and optical properties of metals or semiconductors with 
the processing advantages and mechanical properties of conventional polymers
146
. To meet 
these requirements, further attempts to achieve much better processability led to the «second 
generation» of conductive polymers. First experiments showed that the presence of bulky 
substituents introduced solubility and processability but caused a twisting of the backbone 
giving poorly conjugated materials. 
A breakthrough occurred in the midst of the 80’s with the syntheses of highly 
conjugated and processable poly(3-alkylthiophene)s
153
 by a simple one-step oxidation 
reaction. Five-membered thiophene rings exhibit a conformation with reduced steric 
hindrance developed by the presence of the solubilizing side-chains. Following the first 
studies on poly(3-alkylthiophene)s, it became clear that the synthesis of well-defined poly(3-
alkylthiophene)s would lead to a significant improvement in the performance of these 
polymeric materials
154
. 
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Figure S8. Chemical structure of the conjugated polymers. For polypyrrole oxidized (doped) and 
reduced forms are presented. For polyaniline partly oxidized most stable emeraldine form is presented. 
TTF:TCNQ, as a well-studied charge-transfer complex is presented. 
Despite all the prospects of highly conductive polymers, by the end of the 80’s, none 
of them had practical application. Up to 1990s research in organic electronics was focused on 
a relatively narrow number of structures. However, emerging of PEDOT (poly(3,4-
ethylenedioxythiophene)), which was invented in 1988 by Bayer AG, changed the situation. 
Several tricks were developed to make polymer soluble and highly conductive at the same 
time. Such a famous composition is PEDOT:PSS (Figure S2). Dopant (peroxides) was added 
on the stage of chemical synthesis of PEDOT upon oxidation. Additives of PSS (polystyrene 
sulfonate) which served as counter-ions, provided the solubility in water due to a 
polyelectrolyte effect. This is probably the best conducting polymer available in terms of 
conductivity, processability and stability
61
.  
The next generation of benchmark materials was introduced in the beginning of 90’s 
by several research groups. The focus shifted from the synthesis of highly conducting 
polymers to the design of stable semiconducting polymers with tunable electronic and optical 
properties. This shift was mainly driven by the development of polymeric light emitting 
diodes and photovoltaic cells. The polymer electronics probably originates from the synthesis 
of PPV
155
 (polyphenylenevinylene) and its derivatives
155,156
 in the early 1990s. Group of 
Friend and Holmes invented a way to construct OLED with active PPV layer from solution-
processed precursor. The next step was equally important when a soluble form of PPV, 
Chapter II. A Concise Review: from Polyacetylene till Modern DA Polymers. 
Page 31 
namely MEH-PPV (Figure S8), was synthesized by the group of Wudl and Heeger and 
applied to OPV devices
157
. 
McCullough
158
 and Rieke
159
 independently reported the first preparations of well-
defined regioregular poly(3-alkylthiophene)s by metal-catalyzed polymerization methods. 
These relatively complicated polymerization procedures have been optimized and simplified, 
leading to the Grignard metathesis method (GRIM)
160
. For instance, this existing 
polymerization method eliminates the need for highly reactive metals and can even lead to 
well-defined block copolymers. Among all poly(3alkylthiophene)s investigated, regioregular 
poly(3-hexylthiophene) (rr-P3HT) shows the best electrical properties together with adequate 
processability
145
. 
These discoveries were crucial and had a key role for the further design of soluble 
conjugated polymers. Synthetic chemistry appeared to be the main instrument for a new 
material. The emerging of polyfluorenes
161
 and, to a greater extent, polyalkylthiophenes
54
 
expanded the possibilities of CPs potential applications. These materials were eligible and 
acceptable because, as one of the major advantages, they were soluble in organic solvents due 
to the presence of alkyl chains and, therefore, easily processable.  
Further progress was dictated by achieving a better control over the bandgap of a 
polymer and efficient tuning of energy levels. It was difficult to reach required conditions in 
the so called «homopolymer» design concept. Homopolymer consists of a single 
aromatic/conjugated unit and properties of such polymer are determined by the intrinsic 
properties of the single aromatics. The «third» generation of benchmark materials are marked 
by the shifting from «homopolymer» to a «quinoid» and «donor-acceptor» (DA) 
approaches
162
. «Quinoid-approach» focuses on stabilizing the quinoid resonance structure. An 
aromatic form of the molecule is more energetically stable, however transformation of 
aromatic core into quinoid results in a smaller band gap
13,162
. In order to stabilize quinoid 
form and reduce aromaticity destruction, fusing of another aromatic ring was suggested
163
. 
The «DA-approach» allows adjusting energy levels of the polymer carefully selecting the 
donor and acceptor moieties for constructing the backbone. This approach offers an important 
advantage of individually tuning the band gap (this way is described in details in Chapter III, 
Results and Discussion part). Most of the conjugated polymers reported so far are based on 
these concepts
3,13,162,164
. 
2.3.2. Synthetic Routes to Conjugated Polymers 
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The construction of conjugated polymers lies essentially in the efficient C-C single 
bond formation between two unsaturated carbons in the aromatic units. Over the years, 
palladium- (e.g., Stille, Suzuki), and nickel-catalyzed (e.g., Kumada, Negishi) cross-coupling 
reactions have proven to be robust and useful synthetic methods
87,145,146,165
. These methods 
consider couplings of aryl halides (-Cl, -Br, and -I) with organometallic aryl derivatives, 
providing versatile methods to synthesize a wide range of conjugated homo- and copolymers 
(Fig. S9). 
 
Figure S9. Synthetic techniques for the Csp
2
-Csp
2
(sp) bond formation. 
Listed transition-metal-catalyzed (TMC) cross-coupling reactions provide a 
particularly powerful arsenal for Csp
2– Csp2 and Csp – Csp2 bond formation. The widely 
accepted catalytic cycle of the TMC reaction consists of three steps. The first step includes a 
transition-metal oxidative addition reaction across the Aryl–X bond of an electrophile. 
Formed complex undergoes transmetallation with an organometallic nucleophile. The last 
step is a reductive elimination leading to the bond formation between aromatic units. At the 
same time, the transition metal (TM) complex is regenerated and enters the next cycle (Fig. 
S10). If one assumes that all three steps are microreversible, the overall process can be 
considered to be driven thermodynamically, in most cases by the formation of M
2−X 166. 
Nickel- or palladium based complexes are the most commonly employed TM 
catalysts, although other metals have also been used
13,143
. The nature of the organometallic 
nucleophiles can be varied: Grignard reagents (Kumada), zinc (aluminum, zirconium) organic 
(Negishi), organostannyl-activated (Stille), boron reagents (Suzuki), terminal alkenes (Heck), 
or copper-activated alkynes (Sonogashira), etc. Conjugation lengths extend through 
consecutive transformations in the catalytic cycle. Regioregularity in the synthesis can be 
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achieved when the electrophilic and nucleophilic centers of the monomer units are readily 
accessible. In general, the reaction conditions are relatively mild for used functional groups 
what is particularly important for synthesizing functional polymers. It is noteworthy that the 
development of TMC reactions was recognized when the 2010 Nobel Prize in Chemistry was 
awarded to Suzuki, Heck, and Negishi for their contributions to this ﬁeld. 
 
 
Figure S10. Catalytic cycle of Transition Metal Catalyzed reactions. 
The most efﬁcient and widely used methods for preparing alternating copolymers are 
Stille and Suzuki TMC reactions. Stille is often used for coupling thiophene-containing 
aromatics using monomers with organostannyl groups. Suzuki coupling is more widely used 
for preparing benzene-containing polymers with boronic groups on the benzene ring of the 
monomer
13
. 
Described above nickel- and palladium-catalyzed cross-coupling methods have 
contributed significantly to the advancement of CPs synthetic methods, but they are not 
flawless. As mentioned, two aryl groups are functionalized with preactivated units. One arene 
is substituted with a leaving group (I, Br, OTf, etc.), while the other contains an 
organometallic moiety (boronic, SnR3, ZnR, or MgX). However, installation of these 
functional groups entails extra synthetic steps and the compounds are sometimes unstable. 
Stoichiometric quantities of organometallic byproducts are formed, such as toxic 
trialkylstannanes produced during Stille polycondensation
9
. Palladium (or nickel) impurities 
are formed during polymerization and can be challenging to remove, which can be 
detrimental to electronic applications
167
. 
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In this regard, improved synthetic methods are cross-coupling reactions which bypass 
the need for preactivated organometallic compounds
168
. The most recent example is direct 
heteroarylation polymerization (DHAP), featuring palladium-catalyzed cross-coupling 
between aromatic C−H and C-halogen bonds. Direct heteroarylation has been applied to the 
coupling of a number of different arene and heteroarene systems
9,145,169
. However, C–H 
activation can only be considered as an alternative in speciﬁc instances. Two major 
difficulties of this method are: (a) most C–H bonds are kinetically inert and often require the 
assistance of a nearby directing group, which limits the substrate scope; (b) organic molecules 
typically contain multiple C–H bonds, which increases the challenge of regiospeciﬁc 
activation. An organometallic species can strongly inﬂuence the regiospeciﬁcity of C−H bond 
activation, prior to coupling. Therefore, organometallic intermediates will likely continue to 
serve as mainstays in TMC cross-coupling reactions
166
. The development of novel 
polymerization methods for producing conjugated materials is an ongoing topic. 
2.3.3. Step-growth vs Chain-growth 
Step-growth and chain-growth methods are two main relevant mechanisms of 
polymerization. Polymers with distinctly different structures in terms of repeat unit 
functionality, molecular weight and polydispersity can be synthesized by these methods. As 
these molecular structures relate to higher-level macromolecular considerations, such as 
chain-chain interactions and the development of material morphology, it is important that the 
mechanism be understood for any system under study
143
. According to Carother’s equation in 
step-growth polymerization high molar weight (MW) polymers are obtained at high extents of 
conversion (Fig. S11). This method requires high monomer purity. The excess of any one 
monomer type limits the MW considerably. In chain-growth mechanism, a reactive 
intermediate is first created in an initiation step and subsequently propagates via repeated 
monomer addition to provide a macromolecule. 
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Figure S11. Graph of degree of polymerization versus monomer conversion (p) for step-growth (black 
line) and chain-growth (red line) reaction mechanisms. 
For decades the synthetic routes to soluble CPs were dominated by TMC 
crosscouplings (e.g., Stille and Suzuki couplings) which typically follow a step-growth 
polycondensation mechanism. CPs prepared via step-growth polycondensations frequently 
suﬀer from structural irregularity, a low degree of control over molecular weight, MW 
distribution and end-group functionality. This often results in batch-to-batch variations and 
altered material properties, which is undesirable for applications. Simultaneous control over 
all of these factors is required to achieve reproducible material properties
170
. This course 
changed in 2004, when McCullough
171
 and Yokozawa
172
 independently identiﬁed a living, 
chain-growth method (now referred to as Kumada catalyst-transfer polycondensation (KCTP), 
also referred to as GRIM) for synthesizing poly(3-hexylthiophene) (Fig. S12). These initial 
reports sparked a ﬂurry of activity in the ﬁeld144. 
Nowadays, CTP is a rapidly developing polymerization method, as it allows, in many 
cases, the abovementioned limitations of step-growth polymerizations to be overcome. CTP 
provides a straightforward access to well-deﬁned conjugated homopolymers (e.g., 
polythiophenes, polyﬂuorenes, polyphenylenes, etc.), alternate donor-acceptor copolymer and 
all-conjugated block polymers
144,170
. An important prerequisite of the chain-growth 
mechanism in metal-catalyzed polycondensations is the use of AB-type monomers, having 
two potentially self-reactive groups in the same molecule.  
The majority of researchers in the ﬁeld accept a mechanism that proceeds through a 
Ni-polymer π-complex, which enables the active catalyst to stay associated with the growing 
polymer chain and facilitates chain propagation. As for the parent Kumada crosscoupling 
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reaction, the catalytic cycle of the polycondensation involves oxidative addition (OA), 
transmetalation, and reductive elimination (RE) elementary steps (Fig. S12). 
 
Figure S12. Proposed chain-growth mechanism for KCTP reaction of P3HT. 
Working group of Dr Anton Kiriy has been focusing on developing new methods for 
controlled preparation of π-conjugated polymers of various architectures since 2007. The 
published papers pay particular attention to gain a mechanistic understanding of the chain-
growth process, surface-initiated polymerization, exploring new catalysts and ligands, 
synthesizing previously inaccessible materials by Kumada and Suzuki CTPs. It was shown 
that the Ni(0) species formed at the reductive elimination step associates with the nearest 
thiophene ring, forming an π-complex, then «walks» toward a growing polymer chain end, 
and ﬁnally inserts into the terminal C–Br bond173. Thus, the rare for polycondensations chain-
growth mechanism in this case is due to a unique propensity of coordination-unsaturated 
Ni(0) species to form π-complexes with the polymerized chain and transfer intramolecularly 
via a «ring-walking» process174 rather than to diﬀuse to another chains or monomer 
molecules, in such a way contributing to the step-growth mechanism. 
Ex-situ initiation strategy was developed for the applicability of KCTP in the synthesis 
of complex architectures of CPs such as polymer brushes and well-defined block-
copolymers
175,176
. The most universal and selective ex-situ initiation approach utilizes 
Et2Ni(bipy) as the activator
177
. The broad applicability and high functional group tolerance of 
the Et2Ni(bipy) approach was illustrated by the synthesis of starpolymers
178
, rod-coil block 
copolymers
179,180
 and polymer brushes
177,181–184
. 
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Despite the progress with electron-rich thiophene monomer, the polymerization of 
electron-poor monomers remains a significant challenge. Kiriy at al. extended the scope of 
chain-growth KCTP to obtain well-defined conjugated DA alternate copolymers comprising 
of NDI-unit as an acceptor and thiophene as the donor
185,186
. The first surface initiated and site 
specific Suzuki chain-growth polycondensation to fast and selectively graft polyfluorene from 
functionalized surfaces was reported
187
. Chain-growth Suzuki polycondensation proceeds 
with AB-type monomers having organoboron and halogen groups in the same monomer 
molecule. To ensure the intramolecular catalyst-transfer mechanism and, hence, the chain-
growth propagation, a «stickiness» of the catalyst to the polymerized π-conjugated chain was 
provided by Pd complex ligated by bulky and electron rich 
t
Bu3P ligand. It was found to be 
the best catalytic system for chain-growth Suzuki polycondensation. 
A plethora of conjugated chain architectures have been prepared since the discovery of 
the chain-growth mechanism of Ni-initiated polymerization of P3HT
10,144,170
. However, step-
growth Stille and Suzuki polymerizations still remain the most universal tool in the synthesis 
of a variety of CPs. Future studies should focus on broadening the scope of monomers 
capable of undergoing CTP by exploring alternative metals, ligands, additives, and 
transmetalating agents. More generally, a greater mechanistic understanding of “failed” 
polymerizations should guide these efforts. Among the most promising building blocks to be 
involved into controlled CTP are, for example, cyclopentadithiophene-, dithienosilole-, 
benzodithiophene-based monomers, etc., as well as a variety of dyes, such as 
diketopyrrolopyrroles, indigos and isoindigos, perylene bisimide and squaraine. 
Undergoing CTP, some of undesired reactions (e.g., catalyst exchanging between 
polymer chains, catalyst coordinating with solvents or un/activated monomer, slow 
precatalyst initiation) can be minimized by adjusting the catalyst concentration, solvent 
identity or reaction temperature. Even better approach is to modify the catalyst structure, as it 
has the largest influence over the living, chain-growth behavior. Recent studies have shown 
that instead of searching for a universal catalyst, one should tune the catalyst’s electronic and 
steric properties for each monomer. Three parameters can be altered to tune a catalyst’s 
reactivity: the ancillary ligand, the reactive ligand, and the transition metal
188
. 
Based on the preceding, this work focuses on the ongoing efforts to polymerize 
electron-poor DA-monomers, namely bithiophene-naphthalene diimide (NDIT2) and 
bithiophene-isoindigo (iIT2) in chain-growth manner. For this purpose, highly efficient 
Pd/P
t
Bu3-catalyst is to be used and chain-growth reaction behaviour is expected. 
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2.3.4. Benchmark solution-processable Polymers 
A huge number of building blocks have been developed by chemists. Accordingly, a 
large library of CPs has been synthesized and investigated. Comprehensive overviews of a 
chemical nature of such CPs as well as synthetic details of their preparation have been 
outlined
3,8,9,13,15,17,20,22,23,28,45,46,55,143,146,162,189
. 
Among all the variety of solution-processable CP structures, in this section we focus 
on the particular type of CPs, namely on donor-acceptor CPs. Integration of electron donors 
and acceptors in one polymer system has proved to be an efﬁcient strategy to tailor the 
properties of conjugated polymers for the desired applications in OFETs and polymer solar 
cells
8
. The intra- and intermolecular interactions between donor and acceptor units can lead to 
self-assembly into ordered structures and strong π-stacking of polymer chains, both of which 
favor charge carrier transport
190
. Selecting different donor and acceptor units allows tuning 
the HOMO and LUMO energy levels and band gap because the HOMO level is mainly 
located at the donor unit, whereas the LUMO, at the acceptor unit
3
. 
Several comprehensive reviews related to the field of DA CPs have been published 
highlighting recent achievements in the polymer solar cells
3,191–193
, OFETs
20,194
 or 
overviewing several DA polymer classes
195–199
. This section describes the most popular 
building blocks for construction DA polymers. It is rational to design the appropriate donor 
and acceptor units before combining them to develop high performance CPs. 
Donor Units. As a rule, donor moiety is relatively electron rich unit (Fig. S13). 
Common practice is the use of single or fused conjugated units. An appropriate fusion of a 
few single aromatic units impacts both electronic properties and intermolecular interactions of 
related conjugated polymers. A lot of benzene (Bn) and thiophene (Th) derivatives have been 
reported as donor units. The donating ability of Bn is considered weaker than that of Th. 
Therefore, the donors consisting only of Bn units are weaker than those constructed only of 
Th moieties. Thus, fused bithiophenes (4) are usually regarded as strong donors, whereas 
bridged biphenyls (1,2) are weak donors. Structures comprising of benzene and thiophene (5-
7) can be considered as medium donors. Bridging the pyrrole-type (i.e., 5-atoms cycle) 
nitrogen atoms (8) enhance the donor strength compared to other bridging atoms, whereas the 
pyridine-type aromatic unit (i.e., 6-atoms cycle) is a strong acceptor. Most of the donors used 
for construction of DA polymers are planar and possess symmetric geometries, which is 
beneﬁcial for intra- and intermolecular ordering of the polymer chains in the solid state8. 
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Figure S13. Donor building blocks. 
Acceptor Units. The acceptor units are equally important in controlling the energy 
levels and band gap of CPs (Fig. S14). They include in the structure such electron-
withdrawing fragments like an imine function (-C=N), imide (-CO-N-CO-), carboxyl  
(-C=O) or cyano groups(-C≡N), etc. Strong acceptors include thiadiazole (13) rings or their 
analogs/derivatives and further annulated rings with amide/imide functionality (15-17,19). 
Many DA polymers with excellent OPV and OFET performances are derived from these 
acceptors. Those containing thiazole (11,12) or only one amide or imide ring (15) are usually 
considered as relatively weak acceptors. As it was mentioned for donor moieties, most of the 
acceptors are coplanar and symmetric. 
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Figure S14. Acceptor building blocks. 
 
Benzothiadiazole (BTZ) (13), naphthalenediimide (NDI) (16, n=0) and 
diketopyrrolopyrrole (DPP) (17) are the most common acceptors which are often combined 
with other donors by surrounding thiophenes. The bithiophene-naphthalene diimide DA 
copolymer comprising of NDI as an acceptor and two thiophene donor units (3+16) provided 
excellent OFET performance with an electron mobility as high as 0.45-0.85 cm
2
/Vs under 
ambient
53
. Significant advances in FETs performance and impressive mobilities for both holes 
(up to 14 cm
2
/Vs) and electrons (up to 6 cm
2
/Vs) were achieved for devices based on DPP-
bithiophene (3+17) copolymer
19
, BTZ-cyclopentadithiophene (6+13) copolymer
200
, 
thienoisoindigo-naphthalene copolymer (20)
138
, DPP-bipyridyl-bithiophene 
(3+17+pyridyl)
201
, fluorinated benzodifurandione-based poly(p-phenylene vinylene)
202
. The 
isoindigo- and DPP-based
193
 polymer solar cells have reached efficiencies up to ∼7% and 
hole mobilities as high as 3.62 cm
2
/Vs have been realized by FETs based on isoindigo (19)
199
. 
Considering above-mentioned, we pay our attention to the work with solution-
processable benchmark polymers comprising of NDI (16), isoindigo (19) and DPP (17), as 
acceptor units, and thiophene (3) or thienothiophene (4), as donor units. Undoubtedly, such 
polymer structures are of particular interest not only from the point of view of synthesizing 
all-conjugated copolymers with suitable p-type and n-type blocks but also for the applications 
in electronic devices like OFETs and PSCs.   
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2.4. Characterization techniques 
This section contains the description of the most essential techniques used in the 
current study. 
2.4.1. Conductivity Measurements 
As the measure for the electrical conductivity of a material, the electric resistance is 
generally used. A value of the resistance expressed in a unit volume (1x1x1 cm) is the volume 
resistivity (Ω∙cm). The value is an absolute value specific to the material, and is determined as 
shown in Fig. S15. The volume resistivity (ρv, Ω∙cm) is defined by measuring the potential 
difference (V) between the two electrodes separated in a distance (L) when the constant 
current I (A) is flown through the cross-sectional area of W∙t. Ohm’s law states that the 
current through a conductor between two points is proportional to the potential difference (V) 
across the two points and inversely proportional to the resistance (R) between them. 
 
Figure S15. Definition of the volume resistivity. 
However, the 4-terminal method as shown on Fig. S16 is actually used to determine 
the volume resistivity of a sample. It is the method used to determine the true volume 
resistivity of a sample by removing the influence of contact resistance: a voltage drop formed 
due to an interfacial phenomenon at a point (between the current electrode and the sample 
surface) where the specific current flows in. Namely, according to the 4-terminal method, the 
terminal applied with a current and the terminal for determining the voltage are separated so 
that the influence of the contact resistance is removed allowing measurement with high 
precision. The contact resistance depends upon the surface condition of a sample, and thus it 
is difficult to determine it quantitatively. 
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Figure S16. Electrode constructions for 2- and 4-terminal methods. 
In the case of the 4-pin probe method, 4-needle type electrodes are placed linearly on a 
sample as shown in Fig. S17, a certain current flows between 2 external pin probes, and 
potential difference formed between 2 inner pin-probes is measured to determine the 
resistance. Then, multiplying the measured resistance with the sample thickness (t, cm) and 
the resistivity correction factor derives the volume resistivity. In this way, the 4-pin probe 
method and 4-terminal method have common measurement system. 
 
Figure S17. Loresta GP low resistivity meter (left), 4-pin probe (centre and right). 
The volume resistivity is called differently in different scientific fields: a volume 
specific resistance in the material science, the specific resistance in the electronics, and the 
resistivity in the physics. The surface resistivity (Ω/□, Ω/sq.) is the resistance per unit area, 
also called the sheet resistance, and it is used in the fields of coating film, thin film, etc.  
 
Conductivity (σ) is inversely related to volume resistivity. It is also called specific 
conductivity. The unit is S/cm. 
2.4.2. Electrochemical Voltammetry 
The most common electrochemical method employed for characterization is cyclic 
voltammetry (CV). What is particularly important in this work, CV is used to obtain the 
HOMO and LUMO levels of small molecules and polymers. In standard experiments, the CV 
technique involves application of a potential gradient in forward and backward directions to 
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the polymer as an electrode in an electrolyte solution. The current flow as a function of this 
potential variation is measured, and a typical readout is shown on Fig. S18.  
 
Figure S18. A plot of current flow versus the electrical potential for small molecule CN6-CP (top) and 
polymer PDPP (bottom). 
The experiment is usually conducted in a solution of supporting electrolyte, which is at 
a much higher concentration than that of the redox material. When the material has accessible 
oxidations, an anodic wave will appear on the positive forward scan, and a corresponding 
cathodic wave will be detected on the reverse scan. For redox couples exhibiting fast electron 
transfer, which are usually referred to as Nernstian or reversible couples, and assuming that 
the two oxidation states (Ox/Red) are stable in the time scale of the experiment, the maximum 
(peak) currents in these two related waves should be approximately the same. In addition, the 
potential difference between the cathodic and anodic peaks (Epeak cathodic – Epeak anodic) should be 
57 mV/n (n is the number of electrons transferred in the process). The average of the two peak 
potentials deﬁnes the half-wave potential (E1/2), which is taken as an excellent approximation 
of the formal potential (E°) of the corresponding redox couple. 
CVs typically obtained for CPs do not fit the model expected for ideal, reversible 
electrochemical systems. Instead, CVs often display a large separation between the oxidation 
and reduction peaks, often showing large, constant current flow over a range of voltages. As 
the polymer is a mixture of molecular weights and each has a slightly different 
oxidation/reduction potential, the CV records a continuous current corresponding to the 
sequential oxidation/reduction of different polymeric species in the sample. The practical 
consequence is that the potentials of the CP are often poorly defined. 
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CV methods employed to measure the reduction and oxidation potentials of 
conjugated polymers typically involve deposition of the material onto the working electrode. 
Unlike smaller molecules, the addition or removal of an electron from these ﬁlms carry 
several implications. The reverse reaction of the doping process cannot be equated to the de-
doping reaction, since conformational reorganization and variations of the energy levels are 
promoted by the addition or removal of an electron. Therefore, the oxidation and reduction 
potentials are estimated by the onset potential, deﬁned as the potential at which the initial 
injection of holes or electrons to the HOMO and LUMO, respectively, becomes evident by 
the rise in anodic or cathodic current
203
. 
Different methods, such as CV, PYS, UPS, PESA, etc., can be used for 
determination of HOMO and LUMO energies and these measurements frequently give very 
different values. To bypass this problem and avoid any uncertainties, in this work we 
investigated the energy levels by using the same method, CV. Electrochemical properties of 
the dopant molecules in solution state as well as of polymers in thin film state were 
investigated by cyclic voltammetry (CV) in acetonitrile with n-Bu4NPF6 as electrolyte. 
2.4.3. Uv-vis-near-infrared 
The occurrence of significant dopant-semiconductor interactions can be easily 
verified by optical absorption spectroscopy. Light absorption by a CP causes electronic 
transitions from its valence band to the conduction band (π-π* transitions) as well as to bands 
within the band gap (e.g., π-polaron transitions). In particular, the creation of charge 
conjugated species (upon doping) leads to new absorptions features below the energy gap of 
the neutral substances. Singly charged carriers are referred to as polarons whereas doubly 
charged carriers are called bipolarons (dications). These transitions have been detected 
experimentally (e.g., for P3HT:F4TCNQ system
125
) and are in good agreement with the 
quantum chemical calculations
204
. Therefore, this technique can be used to qualitatively and 
quantitatively investigate generated carrier type in solution and thin films, and concentration 
in SC polymer.  
In this work, the absorption measurements for the doped PDPP blend films reveal the 
formation of charge transfer complexes. Very broad new bands appear in near-infrared region 
assignable to polarons and bipolarons along with emerging the signals of radical/anion forms 
of dopant. 
2.4.4. Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy. 
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Vibrational spectroscopy is an important tool for investigating the degree of ground-
state charge transfer
205
 in CT complexes. In the frame of this work, particularly the charge 
transfer in doped polymer blends can be estimated. The dopants used in the study include 
cyano-groups in their structure. Stretching modes of the C≡N triple bonds in dopant are very 
sensitive to the changes in electronic density of the molecule. The absorption band observes 
in a spectral zone where no other resonance is found. Upon charge transfer the neutral 
molecule of dopant acquires partial (or integer) negative charge, therefore the vibrational 
frequency of the cyano-group shows red shift. The observed frequency shift grows 
approximately linearly as the charge transfer increases
205
. The red-shift value allows to assess 
quantitatively the charge transfer vs the dopant strength dependence (for F4TCNQ dopant 
with poly/oligothiophenes)
137
. However, additional vibrational stretching modes (inactive in 
neutral state) of dopant molecule appear in the spectrum upon doping; therefore IR-active 
bands may significantly change intensity and shape. It makes the unambiguous interpretation 
of IR-spectrum of doped polymer more problematic. Theoretical calculations of C≡N 
stretching modes may help with interpretation of experimental results. 
2.4.5. Morphological studies. 
In this work a combination of atomic force microscopy (AFM) and X-ray scattering 
is used to characterize the morphology of the neat and doped films. 
AFM. Atomic force microscopy is a very high resolution type of scanning probe 
microscopy methods, in which the topology of the sample is traced by a tiny probe over the 
surface of the sample. AFM uses a sharp (~10-20 nm at the apex), hard silicon nitride (most 
frequently used) probe attached to the free end of cantilever. A laser beam is bounced off the 
end of the cantilever and centered onto a split photodiode (Fig. S19). When the tip is 
deflected, the movement of the reflected laser beam is monitored on the photodiode and 
related to the topography of the image. In these studies we used a tapping mode, where the 
cantilever is oscillated at its resonate frequency and placed close enough to the sample surface 
that the tip intermittently makes contact with the surface. This technique is nondamaging to 
the surface. The system can detect sub-Angstrom vertical movement at the end of the 
cantilever where the tip is located. Computer is able to generate a map of surface topography. 
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Figure S19. Typical optical detection AFM setup. 
X-ray diffraction. Scattering measurements of polymer films can be used to provide 
information about the molecular packing structure, crystallinity, size and orientation of 
crystalline domains, and interfacial widths. X-ray scattering experiments are usually 
performed in two regions: small angle X-ray scattering (SAXS) and wide angle X-ray 
scattering (WAXS). SAXS probes relatively long correlation distances compared to molecular 
dimensions (typically >10 nm) and can be performed on non-crystalline materials that still 
have correlated changes in electron density, i.e., domains. WAXS probes length scales on the 
order of molecular dimensions (0.1–10 nm) and therefore provides information about short 
range order. The latter was used in this work. 
To generate X-ray, electrons are accelerated by an electric field and aimed at a metal 
(Cu) target which slows them thus creating a continuum of radiations. A monochromator is 
then used to select only Kα 1,2 radiations. These two radiations are then scattered and absorbed 
by the polymer while interacting with it. Specifically, X-rays interact with the electron shell 
of the atoms constituting the polymer chains. In the case of powder diffraction, in which all 
orientations are present, the diffractogram is obtained by counting the intensities as a function 
of the angle between the incident and the diffracted beam. The structure that caused this 
diffracted pattern is then calculated due to Bragg’s law. 
2dsinθ = nλ 
Bragg’s law is usually used to determine the characteristic distances in a crystalline or layered 
structure. In this equation, n is the reflection order, λ is the wavelength of the incident wave, 
2θ is the scattering angle and d a characteristic distance in the sample. 
2.4.6. Electron Spin Resonance Spectroscopy. 
ESR measurement is a powerful microscopic tool to detect charge carriers in CPs. It is 
well known that nonlinear excitations, such as solitons and polarons, are typical spin/charge 
carriers in lightly doped CPs reflecting their quasi-one-dimensional structural backbone with 
strong electron-phonon interactions
122
. 
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In ESR spectroscopy, absorption of microwaves by molecules causes unpaired 
electrons within the structure to change spin. Consequently, it has been widely used for 
identifying and quantifying the presence of polaron charge carriers (which have spin) in CPs, 
in contrast to bipolaron charge carriers, which are dications with no spin
206
. 
A typical ESR spectrum is shown in Fig. S20, which is for PDPP polymer in 
chloroform (details and discussion are given in Chapter 3). It shows the spectra of the four 
samples with different molar doping ratio measured at temperatures of 295 K. The spectra are 
plotted as a function of the g factor, which is independent of the microwave frequency. 
 
Figure S20. EPR spectra of PDPP polymer doped by CN6CP with different molar dopant ratio. 
The intensity of the ESR signal is directly related to the concentration of polaronic 
species in the sample, and the g value obtained from the spectrum gives insights into the 
chemical environment of the unpaired electron. ESR spectroscopy is also sensitive tool for 
identifying changes in a conducting polymer caused by storage and environmental factors. 
In this work, EPR measurements were conducted to observe: 
 radical nature of Zn-activated NDI and isoindigo monomers for further 
polymerization; 
 radicals formed upon doping process of PDPP. Quantitative measurements were 
done to estimate charge transfer degree in doped blends. 
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Results & Discussion 
What we should start with is to approach carefully to the choice of material to work 
with. As it is mentioned in General Introduction, conjugated polymers provide several unique 
features which are quite valuable to be implemented into mass electronic goods production. 
First of all, we focused our attention on rational design of conjugated polymer. In 
general, CP can be roughly divided into 3 parts: conjugated core (backbone), the side 
solubilizing chains and functional groups (Figure R1). Each of them provides specific 
function. The conjugated core is the most important part and affords main physical properties 
like energy levels, band gap, makes available inter- and intramolecular interactions. 
Framework of backbone is quite experiential. Tens, even hundreds of different backbones 
have been explored so far (See Section 2.3.4. Benchmark solution-processable polymers). 
However, only some of them are beneficial for further studies because of different aspects. 
 
Figure R1. Rational design of conjugated polymers. Functional parts of the polymer are illustrated. 
Side chain provides solubilizing function as the main role and, subsequently, allows 
for polymer to be solution processed. Additionally, it improves molecular weight and can 
adjust intermolecular interactions. At the same time, being saturated alkyl chains are the 
insulating part of molecule which could bring in steric hindrance or even twist a molecule 
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thereby distorting conjugation in backbone. Length and branching of alkyl chain usually 
influence on resulting performance of devices based on such polymers
56
 (See Section 2.1.3. 
Solubility and Processing). 
Functional groups and substituents usually tune physical properties of the molecule, 
especially electronic properties
207
: electron affinity or electronegativity, ionization potential, 
band gap, energy levels etc. 
As it was already mentioned, one can classify conjugated backbone into homo-, 
quinoid- and donor-acceptor-based according to its repeating unit structure. Homopolymer 
includes in its structure single or fused aromatic unit. Properties of such polymers are largely 
determined by intrinsic property of consisting unit. Good examples of such type are well 
known P3HT, PEDOT, PBTTT etc. Despite rather simple structure, such polymers can show 
very good stability and high efficiency in OFET and photovoltaics
3,73,74
. 
Donor-acceptor polymer structure grants intrinsic charge transfer capability provided 
by interactions between donor and acceptor moiety. The extent of ground-state charge transfer 
can be tuned by the relative donor and acceptor strengths and character of conjugation in 
polymer backbone. To afford sufficient semiconducting properties, moieties should be well 
established. Thus, the repeating unit of DA polymer consists of electron-reach donor unit and 
electron-deficient acceptor unit resulting in partial charge on each unit (Figure R2a, State I). 
The internal CT leads to the observed lower band gap and more preferable double-bond 
character of the single bond between units along with providing more planar configuration of 
molecule to improve delocalization of π-electrons along polymer core208. The HOMO and 
LUMO energy levels of newly formed complex are largely localized on the donor moiety and 
the acceptor moiety, respectively
164,209
. This feature implies an advantage of individually 
adjusting the band gap and energy levels of polymer. In fact, a smaller band gap can be 
achieved by copolymerizing more electron-reach moiety and more electron-deficient moiety, 
whereas the HOMO and LUMO can be tuned by varying the electron-donating ability of the 
donor and the electron affinity of the acceptor
164
 (Figure R2b). Most of the conjugated 
polymers reported so far are based on DA concept. 
DA polymers have to be considered as ambipolar SC materials. Building its 
framework using strong donor together with weak acceptor would facilitate the hole-
conducting behavior and vice versa, stronger acceptor and weak donor would contribute to 
predominantly electron transport. It is important to note that one should prevent extensive 
ground-state charge transfer to the radical-cation and radical-anion or intramolecular polaron-
pair state (Figure R2, State II). 
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Figure R2. Donor-acceptor polymer structure (a) and generation of new hybrid HOMO and LUMO 
according to Molecular Orbital theory (b). 
In addition, polymers with a relatively planar core, which promotes closer π-π stacking 
to improve charge transport by hopping
122
 would be beneficial. 
Assuming above mentioned considerations and aspects described in State-of-the-Art 
chapter, we have studied three DA polymers which are the benchmark materials and the 
subject of intensive research up-to-date. These are diketopyrrolopyrrole, naphthalenediimide- 
and isoindigo-based copolymers which include thiophene unit as a donor moiety. This chapter 
is dedicated to the synthesis and study of these copolymers and films, their electrical and 
morphological research as well as molecular doping of DPP copolymers. 
3.1. Diketopyrrolopyrrole-Based Copolymers 
3.1.1. Motivation 
We had studied DA polymer which consists of strong acceptor diketopyrrolopyrrole 
(DPP) moiety and moderate donor dithienylthieno[3,2-b]thiophene (TT) (Figure R1). This 
polymer is on the focus of many researches groups worldwide and obviously one of the up-to-
date benchmarks on polymer market. Many recent reports have been published on conjugated 
DPP-based copolymers revealing its high performance as a semiconducting material having a 
wide range of mobility from a moderate of 0.1 cm
2
 V
-1
s
-1
 to very high around of 10 cm
2
 V
-1
s
-1  
19,140,193,210–216
. Such a difference in 2 orders of magnitude can be attributed to variations in the 
synthesis and processing conditions. What is also important to note, excellent FET 
performance consistency at ambient have been demonstrated and cyclic lifetime stabilities for 
over one year as well
19
. 
Thus, DPP-based copolymers show excellent semiconducting properties, particularly 
mobility. Taking this into account, we concentrated our efforts on investigating of possibility 
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to dope PDPP by molecular doping. As previously published, HOMO energy level of 
PDDPTT with two C20 alkyl chains lies below -5.3 eV, as determined by cyclic voltammetry, 
therefore its p-doping is not a trivial task
19
. Commercial strong molecular dopants such as 
F4TCNQ, F6TCNNQ etc. with their LUMO levels at -5.24 and -5.37 eV, respectively, 
perhaps are not strong enough to be efficient doping agents in this case due to insufficient 
driving force of the charge transfer process. Thereby, we considered the possibility either 
search out or synthetize much stronger p-dopant. 
3.1.2. Results and Discussion 
As was previously discussed in Section 2.2., doping is crucial for the high performance 
of electric circuits and photovoltaics, particularly for OLEDs, OSCs and organic transistors. 
As also pointed out, doping is the addition of minority component to drastically change 
property of the whole material. To ensure electrical doping, additives are needed to generate 
free holes (p-type) or electrons (n-type) in otherwise almost non-conductive organics. 
“Almost non-conductive” means that resistivity is higher than 108 Ohm/square, and therefore, 
clear determination current-voltage (I-V) characteristics is not reliable due to non-ohmic 
behavior of such films (considering the used in this work measuring equipment, see 
Experimental part, Section 4.1). As a rule, specimen having lower than 10
8 
Ohm/square 
resistance shows good, stable and linear I-V dependence so that trustworthy conductivity 
values can be measured. 
To date, the molecular doping of small-molecule semiconductors and relatively 
electron-rich polymers has been studied intensively (See Chapter 2.2. Doping) 
1,217
. Strongly 
electron deficient organic molecules which function as p-dopants, in particular 
tetracyanoquinodimethane (TCNQ) and especially F4TCNQ and its homologue F6TCNNQ 
are used instead of inorganic dopants for doping of OSC and fabrication of efficient organic 
optoelectronic devices.  
The use of high mobility polymers for the preparation of highly conductive films 
would be beneficial. Achieving high conductivities requires the development of high 
concentrations of charge carriers in semiconductors. Taking into consideration that most of 
high-mobility DA copolymers, such as DPP-based ones, possess relatively low-lying HOMO 
levels (-5.3 eV and below) which makes not effective their oxidation by commercially 
available dopants having LUMOs with similar energy
218
 . In other words, there is no obvious 
driving force for spontaneous charge transfer from the DA polymer to the dopant, at least in a 
manner similar to the “classical” doping systems such as P3HT:F4TCNQ. This may explain 
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why only a modest success in the doping of the DA copolymers has been achieved so far
219
.
 
Indeed, among the molecularly doped DA copolymers, PCPDTTBT:F4TCNQ displays the 
highest conductivity of 10
-2
 S/cm, which is two orders of magnitude lower than the 
conductivity of a conventional P3HT:F4TCNQ system
83
. In the latter case the hybrid charge-
transfer complex model satisfactorily describes experimentally observed interactions of 
donor-acceptor pairs with a small or even negative HOMOdonor/LUMOacceptor offsets (See 
Section 2.2.1.). The hybridization of frontier orbitals for the donor and acceptor rather than 
the integer charge transfer acts as the driving force. The formation of complexes can be 
experimentally observed by substantial changes in UV-vis and FTIR spectra occurring 
admixing of semiconductors and dopants
142
. 
Concluding mentioned above, we keep in mind two points. First, better mobility of 
PDPP may strongly affect (particularly increase) potential conductivity because electrical 
conductivity is directly proportional to charge carrier mobility (see Section 2.2.2). Secondly, 
number of free charge carriers has to be at least comparable to the value in case of model 
P3HT/PBTTT:F4TCNQ system. That means doping should be the same efficient as in the 
case of doped electron-rich polymers such as in P3HT:F4TCNQ blends. On the other hand, 
since we are dealing with a polymer, parameters such as molar weight and polydispersity of 
the sample come into play. 
Doping by F6TCNNQ and conductivity measurements. First experiments were 
carried out to determine optimal chemical composition and molecular weight for further 
studying. Figure R3 shows polymer structures and Mw/PD synthesized in our lab by Tim 
Erdmann. They were tested by doping with commercial dopant F6TCNNQ. 
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Figure R3. Chemical structures and Mw/PD of the synthesized polymers in our lab. 
Doping procedure was done as follows: blend solutions for casting doped polymers 
were prepared by combining appropriate amounts of freshly-prepared solution of dopant in 
CH2Cl2 and solutions of polymer in CHCl3 to achieve the desired molar doping ratio, 
MDR = [dopant]/[monomer units of polymer]. According to our definition, MDR equal to 0.1 
corresponds to 1 molecule of the dopant per 10 repeat units. Then solutions were drop casted 
onto glass slides 2.4 x 2.4 cm (Figure R4).  
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Figure R4. Image shows the uniform drop-casted film of PDPP(6-DO)TT on thin glass substrate with 
size 2.4x2.4 cm. The thickness of the polymer layer is about of 1 µm. 
Conductivity measurements were conducted with 4-pin probe by low resistivity meter 
Loresta GP (Figure R4b) on macro scale distance (the distance between the outer current 
electrodes is 15 mm. See Section 2.4.1). 
Sufficient doping in solution thought to be followed by changing in color and 
aggregation state of polymer resulting in polymer is not soluble at room temperature 
anymore
98
. Visually nothing has changed upon admixing dopant with polymer in our case. 
However that doesn’t mean that polymer was not doped. The conductivity of the obtained 
doped films increases in 4-5 orders of magnitude (Figure R5, exact values see Appendix, 
Table A1, A3 and Figure A2). 
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Figure R5. Conductivity of ~1 µm films casted onto glass. 
As can be seen from the data for ~1 m thick PDPP(6-DO)TT films, the conductivity 
increases steeply from ~10
-7
 S/cm for undoped PDPP(6-DO)TT to maximum 0.2 S/cm for the 
22.4 mm 
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F6TCNNQ-doped PDPP(6-DO)TT at MDR = 1. As one can realize from the graph, the 
difference between conductivity values for the F6TCNNQ-doped polymers having various 
alkyl chains is not pronounced. 
Described earlier PDPP polymer with high mobility possesses C20 alkyl chains
19
. 
Unlike it, we started to test PDPP(6-DO)TT with two C30 alkyl chains expecting that this side 
chain design will ensure better polymer solubility, while enabling closer intermolecular 
packing and higher crystallinity as compared to PDPP(2-OD)TT
139
. To this end, we compared 
conductivity of the followed two doped polymers. First one, PDPP(2-OD)TT, contained C20 
octyldodecyl (2-OD) side chains whereas the second one, PDPP(6-DO)TT, C30 
dodecyloctyldecyl (6-DO) chains (Figure R3). Both polymers had comparable Mw: 222 and 
248 kg/mol, respectively. 
Despite the conductivity in the best case doesn’t reach the value 1 S/cm (which is the 
best value for model P3HT:F4TCNQ system) we consider first tests quite successful. In fact, 
the best value 0.2 S/cm was obtained for the polymer PDPP(6-DO)TT (TE 153) with 
thienothiophene unit as donor moiety, long branched C30 alkyl chains and very high Mw. 
With the naked eye film seemed to be homogenous without cracks and aggregates (small light 
dots in Figure R4 caused by electrical contacts after resistivity measurements). Copolymer 
PDPP(2-OD)T with the thiophene unit (T) instead thienothiophene (TT) in above-described 
case shows much higher resistivity / lower conductivity (up to factor of 1000) (values see 
Appendix, Table A1). Monomeric unit of the PDPP(2-OD)T copolymer possesses a smaller 
donor fragment which may explain a considerably smaller value of the conductivity. Two 
fractions of PDPP(6-DO)TT with values Mw 88 kg/mol and high 248 kg/mol differ in about 
of 5 times in conductivity (higher Mw fraction possesses higher conductivity value). These 
results are consistent with previously described for analogous polymer PDPP(2-OD)TT
19
 and 
confirm that higher Mw polymer may have higher conductivity value due to a higher 
mobility. 
Weight-average molecular weight for PDPP(6-DO)TT was determined by GPC. We 
performed measurements in CHCl3 at 40 °C and got values Mw 1.39 Mg/mol, PD 5.3. 
Considering the fact that polymers at low temperatures may form aggregates, we performed 
GPC of the same sample at 150 °C in trichlorobenzene. In this case the values were the 
following: Mw 248 kg/mol, PD 7.97 and we consider them to be more accurate. 
For the time being, we discussed the values of conductivity which were measured on 
macroscopic level in centimeter range distances. However, usually doped layers used as 
transport layers in electronics are much thinner and smaller. Therefore we tested bottom-
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contact devices to determine conductivity values in microscopic range. Silicon wafers were 
used as substrates with vacuum deposited electrodes. 6 measurements for each sample were 
done (three for 300 µm distance and three for 200 µm distances between the electrodes, 
details see in Experimental Section 4.1.). Doped by F6TCNNQ PDPP(6-DO)TT polymer 
solutions in chlorobenzene were spin coated on substrate. The thicknesses of the polymer 
layer were in the range of 20-50 nm, for each film determined by AFM scratch test. Linear 
current-voltage dependencies were extracted and resistivity of each sample was calculated by 
using the Ohm’s law (Appendix, Table A4). From the resistance, the conductivity of the film 
was calculated based on Pouillet's law (Section 4.1). Figure R6 represents results for thin-
layer bottom-contact devices. 
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Figure R6. Conductivity of 20-50 nm-thick spin-coated films of PDPP(6-DO)TT doped by 
F6TCNNQ at different MDRs. 
Interestingly, thin PDPP(6-DO)TT:F6TCNNQ films prepared by spin-coating from 
high boiling solvent chlorobenzene exhibited one order of magnitude higher conductivities 
than the drop-casted thick films. Furthermore, the conductivity increases much steeper with 
the MDR rise and saturates at the level above ~1 S/cm already at MRD = 0.1. 
Absorption spectroscopy for PDPP(6-DO)TT:F6TCNNQ system. The steep 
increase in conductivity of PDPP(6-DO)TT films implies the generation of charge carriers 
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due to the transfer of electrons from the polymer to the dopant. It was previously 
demonstrated that UV-vis-near-IR spectroscopy is a powerful tool for monitoring the 
formation of charge transfer complexes in doped polymers
82
. Thus, one can observe 
decreasing of the absorption band of P3HT by increasing doping with F4TCNQ. New very 
broad signals appear in infrared region assignable to polarons and bipolarons along with 
emerging the signals of radical/anion forms of dopant
71,219
. 
As seen from Figure R7, the addition of F6TCNNQ to PDPP(6-DO)TT solution in 
chloroform gradually reduces the intensity of the major absorption band of the neutral 
polymer with λmax= 832 nm (A) and leads to appearance of new signals in the IR region: the 
absorbance with λmax= 1450 nm (B) assignable to one of the PDPP(6-DO)TT:F6TCNNQ CT-
complex states and the absorbance with λmax= 1140 nm (C) of the anion-radical form of 
F6TCNNQ. Furthermore, the addition of the dopant results in a new peak with λmax= 480 nm 
(D) of unreacted F6TCNNQ which grows with the increase of the concentration of the dopant. 
A modest decrease of the band A intensity even at the highest MDR = 1 (the band A reduces 
to about 85 % of its initial value as MDR changes from 0 to 1 indicates that only 15 % of 
repeat units undergo the CT already in solution.  
The absorption measurements for the PDPP(6-DO)TT:F6TCNNQ blend films 
(Figure R7b) reveal that the CT process proceeds to a somewhat higher degree in the solid 
state. In this case, the band A of the neutral polymer reaches ~71% at MRD = 1. As expected, 
the peak of the single-electron reduction product of F6TCNNQ is observed at 1150 nm and its 
intensity continues to increase in the MDR interval between 0 and 1. An important difference 
between the absorption spectra in solution and solid state is that the new absorption band (E) 
observes in latter case at 2000-2600 nm which also can be assigned to one of the CT complex. 
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Figure R7. UV-vis-near IR spectra of PDPP(6-DO)2TT:F6TCNNQ in solution (a) and thin film (b). 
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Electron paramagnetic resonance for PDPP(6-DO)TT:F6TCNNQ system. To shed more 
light on the doping process EPR measurements were conducted which allow direct 
observation of radicals formed upon electron transfer. EPR spectroscopy measurements of 
oxygen-free blend solutions of PDPP(6-DO)TT:F6TCNNQ were performed for different 
MDRs and they revealed resolved spectra consisting of at least 19 lines centered at g=2.0032 
and a line spacing of about 1 G (Figure R8a). With decreasing MDR the spectra become less 
resolved. We assign the signal to the anion-radical F6TCNNQ
 
formed upon one-electron 
reduction of F6TCNNQ. The intensity of the EPR signal increases almost linearly with the 
increase of the dopant concentration (at constant polymer concentration) up to MDR = 1 as 
shown in Figure R8b. 
 
Figure R8. EPR spectra of PDPP(6-DO)2TT:F6TCNNQ blend solutions at different MDRs (a); 
normalized double integrated intensity DIInorm as a function of the concentration c of F6TCNNQ and 
CN6-CP

NBu4
+
, respectively (b). 
Unfortunately, we were not able to independently prepare a stable single-electron 
reduction product of F6TCNNQ to use it as calibration standard for PDPP(6-
DO)TT:F6TCNNQ blends. Therefore we compare EPR intensity in PDPP(6-
DO)TT:F6TCNNQ blends and EPR intensity of the radical CN6-CP

N
+
Bu4 standard (usage 
of this standard will be explained further in this thesis). As seen from Figure R8b, EPR 
intensities in PDPP(6-DO)TT:F6TCNNQ lay below those of CN6-CP

N
+
Bu4. Assuming that 
anion radicals F6TCNNQ

 and CN6-CP

 of the same concentration contribute to the same 
EPR signal intensity, we estimate that the CT degree in PDPP(6-DO)TT:F6TCNNQ blends 
does not exceed 15%, which collaborates rather well with the UV-vis-near-IR data. 
b 
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FTIR spectroscopy PDPP(6-DO)TT:F6TCNNQ and P3HT:F6TCNNQ systems. 
Vibrational spectroscopy is a very convenient tool for determining the degree of ground-state 
charge transfer
220
. The dopants we are using include in their structure several CN groups. 
Stretching modes of the C≡N triple bonds are sensitive to charge transfer and observed in a 
spectral zone where no other resonance is found what makes them perfect objects to 
trace
83,205
. To evaluate possible interactions of the polymer and F6TCNNQ, theoretical 
calculations along with FTIR measurements were undertaken. 
According to DFT calculations at the B3LYP/6-31G(d) level, pristine F6TCNNQ 
showed the totally symmetric and three (Figure R9a) infra-red active C≡N stretching modes 
(Appendix, Table A5). But in fact, the present symmetry group C2h allows characterization of 
vibration modes as either ag or bu (for explanations see Appendix, Table A5 caption). 
a)
  
b)
 
Figure R9. a) Stretching modes of C≡N in the F6TCNNQ molecule; b) simulated IR spectra of the 
CN stretching modes for the isolated F6TCNNQ molecule, the F6TCNNQ anion-radical in the gas 
phase, optimized at B3LYP/6-31G(d) level. A full width at half maximum of 4.5 cm
-1
 is used in the 
simulations. Intensity of the neutral F6TCNNQ was multiplied by factor 30. 
When going from the neutral F6TCNNQ to its anion-radical form F6TCNNQ

, the 
calculated frequencies of the CN group stretching modes undergo shifts from 2236 to 
2199 cm
-1
 (∆ν 37 cm-1) for one band and from 2216 to 2169 cm-1 (∆ν 47 cm-1) for another. In 
addition, as follows from DFT calculations, the signals corresponding to the anion-radical 
form of the dopant have significantly higher intensity (two orders of magnitude, see 
Appendix, Table A5) compared to the signals from the neutral dopant. 
Now we compare theoretically predicted vibrational spectroscopy shifts with 
experimental values. Firstly, we recorded FTIR spectra of F6TCNNQ in the presence of 
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P3HT, the system for which near the integer-type CT and the formation of F6TCNNQ

 anion 
radical is expected. This expectation is based on the fact that the integer type of the CT was 
repeatedly documented for the parent P3HT:F4TCNQ system and because F6TCNNQ 
possesses even stronger electron affinity compared to F4TCNQ
82,83
. 
Experimental FTIR data reveal a somewhat more complicated spectrum than the 
theoretically predicted one (Figure R10a, full spectrum see Appendix, Figure A6). 
 
Figure R10. IR spectra of a) F6TCNNQ dopant (orange line) and F6TCNNQ˙ˉ – radical-anion form, 
obtained as a complex with Ferrocene (Fc) (pink line) and b) P3HT films doped with F6TCNNQ at 
different MDRs are shown. 
The main peak of the cyano-group of neutral F6TCNNQ (orange line) lies  
at 2213 cm
-1
 and it has two shoulders at 2222 and 2204 cm
-1
 with a tail extending up to 
2100 cm
-1
. The presence of additional shoulders as a result of the band splitting as well as 
frequency deviations from the calculated positions is associated to the fact that in a real 
crystal a mixture of states and various intermolecular group interactions take place, what is 
obviously absent in the case of isolated molecules in DFT calculations. The spectrum of 
F6TCNNQ

 anion radical is in a good agreement with the theoretical prediction providing 
the remarkable red band shift in comparison with neutral F6TCNNQ as expected. 
Mixtures of F6TCNNQ with P3HT at different doping ratios have similar spectra with 
the most intense peak appearing around 2188 cm
-1
 (Figure R10b, more values see in 
Appendix, Figure A7). FTIR spectrum of F6TCNNQ mixed with ferrocene (Fc) at 1:1 molar 
ratio was also recorded for a comparison. According to our CV data (described hereinafter), 
the half-wave of the Fc oxidation is by 0.3 eV more electronegative relative to the 
F6TCNNQ/F6TCNNQ

 half-wave so that spontaneous CT from Fc is expected. However, Fc 
a b 
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is electropositive by 0.2 eV relative P3HT so that Fc may generate slightly weaker the CT 
than P3HT. Our FTIR measurements reveal the main peak for the F6TCNNQ/Fc complex at 
2194 cm
-1, corresponding to ∆ν 25 cm-1 relative to the neutral F6TCNNQ. As it was 
previously demonstrated by Mendez et al.
137, the ∆ν shift of the CN stretching peak serves a 
good measure of the CT degree. The observed position of the band peak for F6TCNNQ:Fc 
complex between those for F6TCNNQ and F6TCNNQ:P3HT (∆ν 37 cm-1) corroborates with 
the assumption of Mendez et al. In addition, F6TCNNQ:Fc has a band peak centered at 
2155 cm
-1
 which is not observed in the F6TCNNQ:P3HT complex. We suggest that 
appearance of this band, together with smaller ∆ν values reflect a lowered CT degree in 
F6TCNNQ:Fc compared to F6TCNNQ:P3HT. 
In the next step, we considered the transformation of F6TCNNQ FTIR spectra 
occurring in the presence of PDPP(6-DO)TT. It should be pointed out that PDPP(6-DO)TT 
has a much stronger IR absorbance in the region of C≡N stretching signals than P3HT, 
especially in its doped form and this causes severe problems in observation of the CT process. 
As long as the dopant molecule is the minor component in polymer film blends, the polymer 
absorption is a relatively weak. However, a significant care should be taken for recording 
FTIR spectra of a satisfactory quality in the C≡N stretching region for blends with a higher 
the dopant content due to a significantly increased infrared absorption of the doped polymer. 
In this case, the doped film thickness must be decreased from 1-2 µm for poorly doped film to 
tens of nm for highly doped ones.  
Figure R11 shows FTIR spectra of the doped polymer blends with different MDRs 
(more values see in Appendix, Figure A8). It reveals three major band peaks with variable 
intensity: the first one is positioned closely to the position of the neutral dopant (2215 cm
-1
), 
whereas the second one (2196 cm
-1
) and the third one (2155 cm
-1
) coincide with the positions 
of the peaks in the F6TCNNQ:Fc complex. These facts may indicate that only a partial CT 
occurs in F6TCNNQ:PDPP(6-DO)TT blends, in contrast to the F6TCNNQ:P3HT case. 
Furthermore, the presence of the band at 2215 cm
-1
 assignable to the neutral form of the 
dopant, indicates that significant portion of dopant molecules are not ionized, in contrast to 
the F6TCNNQ:Fc and F6TCNNQ:P3HT blends in which the signals from the neutral 
F6TCNNQ are negligible. 
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Figure R11. ATR spectra of PDPP(6-DO)TT films doped with F6TCNNQ at different MDRs. 
Conclusion for PDPP(6-DO)TT:F6TCNNQ system. As such, PDPP(6-DO)TT 
equipped with enlarged solubilizers was identified as the best polymer among DPP-polymers 
studied in this work with regards of enhanced solubility, excellent film forming properties and 
electrical transport properties. Particularly, we found that large-area F6TCNNQ-doped 
PDPP(6-DO)TT films show conductivity in 10
-1
 S/cm range whereas conductivity at a 
microscopic scale exceeds 2 S/cm. At the same time, the conductivity of the doped PDPP(6-
DO)TT does not exceed that of state-of-the-art doped polymer system like F4TCNQ-doped 
P3HT and therefore the potential of the higher mobility of DPP-polymers is not fully 
explored. The later can be attributed to insufficiently large driving force of the charge transfer 
for F4TCNQ:PDPP(6-DO)TT and F6TCNNQ:PDPP(6-DO)TT. 
Synthesis of the new super strong p-dopant CN6-CP. Because commercially 
available dopants F4TCNQ and F6TCNNQ are not strong enough to dope PDPP, a more 
powerful dopant, namely hexacyano-trimethylenecyclopropane (CN6-CP) was synthesized 
and characterized (Figure R12). 
 
Figure R12. Dopants used in this work. 
Chapter III. Results and discussion. Diketopyrrolopyrrole-based copolymers. 
Page 64 
The synthesis and electrochemical properties of CN6-CP were firstly described in 
1976 by Fukunaga
221,222
. However, its use as a dopant has not been reported in open literature. 
It was particularly shown that CN6-CP undergoes two reversible one-electron reduction 
processes giving anion-radical at +1.13 V versus standard hydrogen electrode (SHE) and 
dianion at +0.34 V vs SHE
221
. According to these data, CN6-CP should be a suitable dopant 
for PDPP(6-DO)TT. It is also noteworthy that there are only a few other dopants described in 
the literature with similar electron affinities, but the use of them for the doping of DA 
copolymers was not reported
117,133
. It should be, however, mentioned that application of 
radialenes and their derivatives (oxocarbons and pseudooxocarbon) as p-dopants was patented 
by Novaled AG. Although the list of patented compounds includes hexacyano-substituted [3]-
radialene (i.e., the compound CN6-CP studied herein), the doping properties of CN6-CP and 
its interactions with DA copolymers were not disclosed
223
. 
CN6-CP was prepared using a modified protocol of Fukunaga by a condensation of 
tetrachlorocyclopropene with malononitrile under basic conditions into sodium salt of  
CN6-CP
2−
 dianion followed by its two-step oxidation (Figure R13). 
Figure R13. Synthetic route to CN6-CP dopant as well as to its radical-anion. 
It should be noted that above mentioned paper doesn’t describe any chemical 
procedures in detail therefore, we had to select and optimize the conditions for synthesis by 
ourselves. The first single-electron oxidation of CN6-CP
2−
 into an anion-radical CN6-CP
•−
 
was accomplished by reacting CN6-CP
2−
 with an excess of potassium persulfate in water. The 
oxidative strength of potassium persulfate was found to be not sufficient for the preparation of 
desirable CN6-CP in a single oxidation step. According to Fukunaga, CN6-CP can be 
obtained by oxidation of CN6-CP
•−
 with thallic trifluoroacetate. This fact is quite unusual 
considering the standard redox potential of semi-reaction Tl
3+
 + 2e → Tl+; E°= +1.25 V224. In 
water acidic conditions standard redox potential of persulfate anion is +2.1 V; even potassium 
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permanganate might be strong enough oxidizer with standard electrode potential +1.51 V. We 
tried out a list of strong oxidizers including above mentioned and did not succeed to get 
neutral form of CN6-CP. Due to very symmetric structure and large number of strong 
electron-accepting cyano-groups hexacyano-trimethylenecyclopropane has to be considered 
as one of the most potent π-acids and should form very stable anion-radical. Quite 
surprisingly, thallic trifluoroacetate in trifluoroacetic acid media turned out to be good 
oxidizer and we managed to hold at hand pure CN6-CP. But obviously, this protocol suffers 
from an extremely high toxicity of thallic (III) salts. One cannot avoid contamination by 
traces of thallium in the product of the reaction. In the 60-70-s of the previous century 
thallium organic salts were widely studied, thallium reagents were very good promotors as a 
Lewis acids
224
. Now it is very rarely used compounds because of very high toxicity. 
Nevertheless, operating in our hands with few tens milligrams of the dopant we 
determined some features of its chemical behavior. Indeed, we found out that the yellow color 
inherent to CN6-CP quickly changes to dark-brown in open air. Nonetheless, it was found to 
be stable under argon (glovebox) at room temperature for many months. We failed to identify 
a suitable solvent for CN6-CP. Particularly, CN6-CP reacts immediately with protic solvents 
(e.g., water, alcohols) and aprotic solvents (acetone, DMF, CH3CN) giving dark-blue solid 
presumably of CN6-CP
•−
 which eventually dissolves in the solvents. DMSO having ability to 
be reduced immediately burst out getting in contact with CN6-CP. 
Thus, to overcome the problem of finding appropriate oxidizer for CN6-CP
•−
, we have 
to follow two main requirements: avoid any solvent which can be oxidized and find 
appropriate oxidizer, which should be non-toxic or at least product can be washed from the 
traces of it. Trifluoroacetic acid perfectly meets the first condition. It cannot be oxidized as 
well as may be completely evaporated in vacuum. What is more important, initial radical-
anion and neutral CN6-CP are not soluble in this media what means product can be easily 
filtrated after completing the reaction. To fulfill the second requirement one should find 
oxidizer which has to be soluble in both reduced and oxidized state in CF3COOH. The lucky 
coincidence helped us to find such the substance. Salts of nitrosonium cation NO
+
 are almost 
perfect candidates for this role. Nitrosonium cation reduces into nitric oxide NO
+ + e → NO↑ 
and we observe gas liberation. By testing nitrosonium salts we determined that NOSbF6 is the 
best oxidizing agent in these conditions. Chemical equation of this crucial step is pointed 
next: 
NO
+
SbF6
−
 + CN6-CP
•−
K
+
 → CN6-CP0 + NO↑ + K+ SbF6
−
 
NO
+
 + CN6-CP
•−
 → CN6-CP0 + NO0↑ 
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So, much less toxic NOSbF6 was used in the present work to quantitatively oxidize 
CN6-CP
•−
 into CN6-CP within a minute at room temperature. This procedure enables a multi-
gram synthesis of CN6-CP. The highest stability of CN6-CP was observed in stabilizer-free 
dry chlorinated solvents (e.g., chloroform, dichloroethane and chlorinated benzenes), however 
it exhibits negligibly low solubility in these solvents. In fact, ultra-sonication at elevated 
temperatures in dichloroethane leads to a yellow dispersion stable against sedimentation for 
hours. However, filtration of suspensions through nanoporous filters results into an almost 
colorless solution containing only traces of CN6-CP. Mass-spectroscopy reveals that the thus-
synthesized compound has a molecular weight of 228 (Appendix, Figure A9) which fits to the 
expected structure of CN6-CP. Compound gave no signal in NMR experiments due to the fast 
reaction with solvents and forming species of radical nature. The product can be further 
purified by sublimation in vacuum (200°C, 10-3 Bar). According to a thermogravimetric 
analysis (TGA), CN6-CP shows little weight loss when heated up to 800°C (Appendix, 
Figure A10, A12, Table A11) but it can be sublimated at a reduced pressure at temperatures 
below 200°C. As such, CN6-CP could be as well a promising material for the doping of 
vacuum-processed small-molecule semiconductors. 
Determination of the energy levels of the dopants and the polymer used. Cyclic 
voltammetry. Our next stride was to determine quantitatively value of oxidative potential and 
energy levels of newly synthesized compound to be convinced of its oxidative strength and 
compare it with commercial dopants used in described experiments. Cyclic voltammetry (CV) 
measurements reveal two fully reversible redox processes for CN6-CP (Figure R14). 
The one-electron reduction of CN6-CP into CN6-CP
•−
 takes place at +0.78 V versus 
Fc/Fc+. The second one-electron reduction process converts CN6-CP
•−
 into dianion CN6-
CP
2−
 very close to the redox potential of ferrocene (Fc/Fc+). For a comparison, the reduction 
potentials of commercially available dopants are +0.18 V and +0.24 V versus Fc/Fc+ for 
F4TCNQ and F6TCNNQ, respectively (Figure R14 and R15, Experimental part 4.3, Figure 
E2, Table E3), in an accordance with the literature data
72
.
 
Assuming the redox potential of 
ferrocene of -5.09 eV
203
, the LUMO level of CN6-CP is equal to -5.87 eV against vacuum. 
Thus, CN6-CP is the strongest molecular p-dopant reported so far, to the best of our 
knowledge. CV reveals the irreversible oxidation potential of PDPP(6-DO)TT film with the 
onset at +0.40 V vs. Fc/Fc+ corresponding to the HOMO level of -5.49 eV against vacuum 
(Figure R15, Experimental part, Table E3). 
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Figure R14. Cyclic voltammograms of synthesized CN6-CP and commercial dopants F4TCNQ, 
F6TCNNQ and HAT-CN6 referenced to ferrocene, E(Fc/Fc
+
)1/2 was adjusted to 0.0 V. 
The relative positions of energy levels (Figure R15) suggest that CN6-CP should 
behave as much better p-dopant for PDPP(6-DO)TT than the other dopants, including HAT-
CN6 for which the LUMO level of -5.7 eV
225
 was erroneously claimed in prior literature 
(according to our measurements, the LUMO level of HAT-CN6 is -4.67 eV, Figure R14, 
Experimental part, §4.3, Figure E2, Table E3). Thus, according to positions of levels 
energetically positive electron transfer may occur only in case of transition from polymer 
HOMO (-5.49 eV) to CN6-CP LUMO (-5.87 eV). Difference in energy in this case is about of 
+0.38 eV which implies the formation of sufficiently stable charge transfer (CT) complex. 
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Figure R15. Collection of experimentally determined energy levels of dopant molecules (from the 
first half-wave reduction potentials) and PDPP(6-DO)TT (from onset of the oxidation potential, 
Experimental part 4.3, Figure E2, Table E3). 
Solubility of the dopant CN6-CP in solvents. Film preparation. An interesting 
finding is that although CN6-CP is insoluble in chlorinated solvents as we mentioned before, 
it readily dissolves in the presence of PDPP(6-DO)TT. Particularly, blend solutions of 
PDPP(6-DO)TT:CN6-CP in C2H2Cl2 easily pass through the nanoporous filter with pore 
diameter of 200 nm, virtually without depletion of the solution content, as revealed by 
weighting of the doped polymer after evaporation of the filtered solution. The addition of the 
dopant to the polymer solution resulted in a deepening of the blue color (Figure R16a) which 
together with the significantly increased solubility of the dopant in the presence of the 
polymer may indicate the formation of a complex between the polymer and the dopant. 
HAT-CN6 
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PDPP(6-
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Figure R16. Films of PDPP(6-DO)TT on glass slides obtained via drop casting. Picture (a) shows 
doped by CN6-CP film, (b) shows doped by F6TCNNQ. 
More importantly, thus-prepared solution of the polymer and the dopant maintains its 
doping strength and stability against precipitation for several weeks. Moreover, the doped 
polymer can be isolated as a solid by evaporation of the solvent in vacuum after which it can 
be redissolved again. 
Optical microscopy of drop casted doped films of PDPPTT:CN6-CP. Samples for 
conductivity measurements were prepared by drop casting of blend solutions onto glass slides. 
This simple method led to about 1 m-thick films visually smooth and uniform over areas of 
several square centimeters. One can observe microphotographs of doped PDPP(6-DO)TT 
obtained by optical microscopy (Figure R17).  
 
Figure R17. Optical microscopy images of the doped PDPP(6-DO)TT:CN6-CP film. 
There are no any perceptible morphological structures or objects to observe. So we can 
assume that this film might be continuous on micro level without apparent cracks and 
wrinkles. It is worth noting that these observations are in a sharp contrast with the behavior of 
other doped semiconducting polymers such as P3HT and PBTTT. Both of these polymers 
rapidly precipitated in the presence of the dopant F4TCNQ which posed difficulties in 
a 
169 µm 
b 
2.352 mm 22.4 mm 
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fabrication of homogeneous films
73
. Photographs of such drop casted P3HT films doped by 
F4TCNQ and CN6-CP are shown in Appendix (Figure A13). 
As it was mentioned, solutions of doped PDPP(6-DO)TT in CHCl3 pass through the 
nanoporous filter what proves that notably big aggregates of doped polymer chains do not 
form and polymer is still soluble at some extent. On the contrary, doped by CN6-CP 
chloroform solution of PDPP(2-OD)TT with shorter alkyl chains shown in the first inset got 
stuck in nanoporous filter. It implies that under these conditions polymer forms quite sizeable 
aggregates more than 0.2 µm in diameter (which is the filter pore size). Further drop casting 
of this solution on glass slides allows getting rather smooth film for the naked eye. Optical 
microscopy of such film reveals general morphology aspects (Figure R18). One can see that 
film is not continuous and consists of quite big polymer pieces up to tens of microns in size. 
The observed in this case pattern corresponds to usual picture of high degree doping in 
solution. 
 
Figure R18. Optical microscopy images of the PDPP(2-OD)TT doped film drop casted on to glass. 
Conductivity of the PDPP(6-DO)TT:CN6-CP system. The conductivity data for 
doped drop casted PDPP(6-DO)TT films for various MDRs are summarized on Figure R19 
and in Appendix Table A14 and A15. The doping of PDPP(6-DO)TT with CN6-CP leads to a 
steep increase of the conductivity from 10
-7
 S/cm for undoped PDPP(6-DO)TT to a staggering 
~50 S/cm for PDPP(6-DO)TT doped at optimal MDRs in the range from 0.33 to 1 (Appendix, 
2.352 mm 1.162 mm 603 µm 
238 µm 169 µm 169 µm 
Edge of the same film 
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Table A14). For example, about 1 m thick films of the doped PDPP(6-DO)TT MDR = 1 
exhibited square resistivity as low as 200 . Further increase of the dopant concentration does 
not lead to increased conductivity. Interestingly, CN6-CP-doped PDPP(2-OD)TT shows 
substantial conductivities up to 10 S/cm in spite of the fact that films consist of aggregated 
pieces of polymer resulting into less ordered structures. 
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Figure R19. Conductivity of ~1 m-thick PDPP(6-DO)TT films doped by CN6-CP: the highest 
conductivity of 30-50 S/cm was achieved for MDR=1. Conductivity dependencies of ~1 m-thick 
films of PDPP(6-DO)TT doped by F4-TCNQ and PDPP(2-OD)TT doped by CN6-CP are given for 
comparison. 
Field-effect transistors reveal much higher hole mobility in PDPP(6-DO)TT thin films 
(0.7 versus 0.2 cm
2
 V
-1
s
-1
 for unoptimized PDPP(6-DO)TT and PDPP(2-OD)TT devices, 
respectively. Appendix, Figures A16 and A17). Although in general, doped compared to neat 
polymers may exhibit different charge carrier mobility values, the observed trend suggests 
that the higher conductivity in the doped PDPP(6-DO)TT is due to its higher mobility. For 
further comparison, we also pointed here conductivities of PDPP(6-DO)TT films doped by 
F4TCNQ. The latter films exhibit maximum conductivities below 10
-2
 S/cm. The three orders 
of magnitude lower conductivities may be to insufficient doping strength of F4TCNQ, the 
LUMO level of which (-5.24 eV) is positioned above the HOMO level of PDPP(6-DO)TT  
(-5.49 eV). 
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We also tested thin-layer contact devices to determine conductivity values in 
microscopic range. Both top and bottom contact devices were prepared. Measurements were 
done in the same manner as in the case of F6TCNNQ doped polymer described above. Doped 
by CN6-CP PDPP(6-DO)TT polymer were spin coated on substrate. Thickness of the 
polymer layer was about of 50 nm, for each film determined by AFM scratch test. Figure R20 
represents results averaged for bottom and top contact devices because the comparable values 
for both types were obtained (Appendix, Table A18, Figure A19). 
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Figure R20. Conductivity values of top/bottom-contact devices for PDPP(6-DO)TT:CN6-CP. 
Solutions to be deposited on substrates were prepared in two solvents. As can be seen 
from the Figure R20 films deposited from chloroform show 2-3 times lower conductivities 
giving the highest value of 34 S/cm. Conductivity up to 90 S/cm were determined for film 
deposited from chlorobenzene (Appendix, Tables A20) at MDR = 1. We can explain such a 
difference (other parameters were kept the same) because via spin coating chlorobenzene 
spreads more evenly on substrate and evaporates slower thus resulting into more uniform 
films. In principle, the conductivity values are comparable to the ones measured on the thick 
1 µm films. What is important to note here is that for top/bottom contact devices resistance 
measurements were done only by 2 contact method. This means that contact resistance 
between electrode and polymer film might influence the results. That is may be the reason 
Chapter III. Results and discussion. Diketopyrrolopyrrole-based copolymers. 
Page 73 
that we have from time to time varying values of conductivity between 200 µm and 300 µm 
devices, top and bottom contact (Appendix, Tables A18, A20). 
The stability over time of the doped polymer was tested in the next step. To assess the 
stability of the doped polymer solution in CHCl3, PDPP(6-DO)TT:CN6-CP blend solution 
with MDR = 1 was stored for 3 weeks in closed vial at ambient. As seen from Figure R21, its 
conductivity after deposition showed only 3 times lower value (~10 S/cm) than that of the 
film prepared by deposition of the doped polymer immediately after dissolution (Appendix, 
Table A21). Secondly, conductivities of thick films didn’t sufficiently change in 3 days after 
the deposition. A different stability was observed in thin films. After deposition polymer films 
were not covered by any protected layer what allows us to see the influence of air/moisture on 
the electrical properties. Prepared solutions were initially operated at air conditions. As one 
can see on Figure R21, conductivity of the sample with MDR = 1 drops drastically after 3 
days in air from 85 S/cm to almost 2 S/cm (Appendix, Table A21). At the same time, 
analogous sample stored in vacuum (but again, prepared and measured in air) showed a 
decrease of the conductivity only down to 20 S/cm.  
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Figure R21. Conductivities of PDPP(6-DO)TT:CN6-CP films in bottom contact devices over time. 
One can assume that CN6-CP itself or a polymer in doped state are air sensitive 
compound and it can slowly react to moisture/reducing agents in air and/or with organic 
contaminations present in air. The same ‘air sensitivity’ trend is also observed in case of 
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doping the same polymer by F6TCNNQ (Appendix, Figure A22, Table A24). In the latter case, 
conductivity of the polymer film with MDR = 1 drops from 1.5 to 0.3 S/cm in 3 days after the 
deposition. These results show that air affects the charge transfer processes or the charge 
transport in the film therefore, it would be reasonable to protect/cover the doped layers to 
prevent their degradation. 
Absorption spectroscopy of the PDPP(6-DO)TT:CN6-CP system. We measured 
UV-vis-near-IR spectra of the PDPP(6-DO)TT:CN6-CP films with different MDRs to 
determine the generation of charge carriers due to the transfer of electrons from the polymer 
to the dopant. As can be seen on the spectrum (Figure R22) of thin PDPP(6-DO)TT film 
(bright green line) wave band A with λmax 350 nm and weak intensity may be assigned to the 
π-π* transition and two strong bands B and C with λmax 750 and 840 nm, respectively, should 
be attributed to intramolecular interactions between donor (thienothiophene) and acceptor 
(DPP) moieties. 
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Figure R22. UV-vis-near-IR spectra for films PDPP(6-DO)TT:CN6-CP at different MDRs as well as 
of the neat PDPP(6-DO)TT, CN6-CP and the anion-radical CN6-CP

 NBu4

. 
Piece by piece doping leads to the bleaching of the main neutral polymer peaks A, B 
and C (gradually decreasing with increasing MDR) at the same time with increasing of the 
new absorption bands D and E. Since we measured also spectra of radical-anion form of the 
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dopant (orange line) we can attribute appearance of new absorptions with λmax 610 nm and 
690 nm to one-electron reduction of CN6-CP. The most pronounced alteration is the 
appearance of a broad absorption in the near IR region of 900-1800 (D) and above 2000 nm 
(E), most likely assignable to polaron-like species formed upon oxidation of PDPP(6-DO)TT. 
At MDR = 1, the intensity of the polymer ground-state absorption decreases factor of ~3 
relative to the absorption intensity of pristine polymer suggesting that ~2/3 of all the PDPP(6-
DO)TT repeat units are in the oxidized state under these conditions. This observation 
consistent with efficient charge-transfer process occurring in PDPP(6-DO)TT:CN6-CP 
blends. 
Now if we consider the UV-vis-near-IR spectra of thin PDPP(6-DO)TT films doped 
by F6TCNNQ shown on Figure R7 we would obviously point out the difference in intensity 
of near infrared absorption along with bleaching of the main polymer peaks with previous 
case. Thus, the intensity of the polymer absorption at λmax 840 nm decreases by the factor of 
1.5 compare to the absorption intensity of pristine polymer (in above described the factor is 
about of 3). Therefore, difference in conductivity between two cases becomes clearer. Too 
less polarons (bipolarons) are created (at the other equal conditions) because of insufficient 
strength of F6TCNNQ as a dopant. This has to be one of the reasons why in case of using 
CN6-CP dopant conductivity about of 2 orders of magnitude higher. 
EPR spectroscopy of the PDPP(6-DO)TT:CN6-CP system. Electron paramagnetic 
resonance (EPR) spectroscopy measurements of oxygen-free blend solutions of PDPP(6-
DO)TT:CN6-CP were performed at a constant concentrations of the polymer and varied 
concentrations of dopant to get different MDRs and they revealed high-intensity well-resolved 
spectra consisting of at least 9 narrow lines centered at g=2.0031 and a line spacing of 0.9 G 
(Figure R23). These spectra, within the experiment error, are identical to the spectrum of 
independently prepared CN6-CP
•−
TBA
+
 (Appendix, Figure A25), confirming the 
transformation upon the doping of CN6-CP into its single-electron reduction product CN6-
CP

.  
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Figure R23. EPR spectra of PDPP(6-DO)TT:CN6-CP blend solutions with MDR=0.03 (red), 0.11 
(green), 0.22 (blue), 1 (pink) measured in argon-purged chloroform at 295 K. 
The double integrated intensity (DII) of the signals of PDPP(6-DO)TT:CN6-CP 
solutions at different MDRs were compared to the intensities of the CPCN6

NBu4

 samples. 
The recording of the spectra of the doped polymer was also repeated about two hours later to 
check for changes in intensity and line shape. The DII did not change within the experimental 
uncertainty. As follows from the Figure R24, the double integrated intensity of the EPR signal 
increases almost linearly with the increase of the dopant concentration (at constant polymer 
concentration) up to the dopant concentration of ~0.3 mmol/L which corresponds to 
MDR~0.2, but the EPR intensity saturates at MDR~1. This means that for MDRs < 0.2, 
almost every dopant molecule participates in the integer-type electron transfer from the 
polymer
82
 (i.e., exhibiting near 100% efficiency of the electron transfer) even in (diluted) 
solutions. However the electron transfer efficiency slightly decreases down to ~66% for 
MDR = 1. These data corroborate with the absorption spectroscopy data (Figure R22) which 
gave similar doping efficiency (2/3) at MDR = 1. 
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Figure R24. The double integrated intensity DII of the signals of PDPP(6-DO)TT:CN6-CP solutions 
at different MDRs compared to the intensities of the CPCN6

 NBu4

 samples.  
Figure R25 shows the results of the quantitative EPR for the next systems:  
PDDP(6-DO)TT:CN6-CP, PDDP(6-DO)TT:F6TCNNQ. The numbers close by the data 
points are the MDRs. It is an exclusive opportunity to compare quantitatively the number of 
paramagnetic species (radicals) in the studied systems at a glance. Thus, in the most 
conductive system PDDP(6-DO)TT:CN6-CP (green dots) the concentration of the species is 
the highest. Firstly, let’s compare it with PDDP(6-DO)TT:F6TCNNQ system (pink dots) 
which shows conductivity 3 orders of magnitude lower. So, the intensity of the EPR active 
species almost 10 times less at MDR = 1 in the latter case. 
 
Figure R25. a) Normalized double integrated intensity DIInorm as a function of the concentration of the 
dopant for different systems. b) part of Figure a) in enlarged scale. 
a b 
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Thus, obtained experimental EPR data are in a good accordance with previously 
discussed results. However, we should take into account that EPR measurements were done in 
solution so the quantitative data for solid films might be different. 
Attempts of FTIR investigations of the PDPP(6-DO)TT:CN6-CP system. We 
started our investigations with the measurements of both the neutral form of the dopant, CN6-
CP, and its one-electron oxidation product, anion-radical CN6-CP
−•
K
+
. As seen from Figure 
R26, CN6-CP possesses very weak signals in the C≡N band region (i.e., only 2% of intensity 
relatively to that of the anion-radical form. 
 
Figure R26. ATR-IR spectra of CN6-CP (red line) and CN6-CP
−•
K
+
 (blue line). Inset shows enlarged 
C≡N band region of the spectrum of CN6-CP. 
Unfortunately, all attempts to identify any reliable peaks in the C≡N band region for 
the CN6-CP-doped PDPP(6-DO)TT blends failed despite of extensive variation of the film 
thickness, MDRs and other conditions (Appendix, Figure A26). Although exact reason of this 
failure is not known at the moment, we suggest that strong absorption of the PDPP(6-
DO)TT:CN6-CP charge-transfer complex in IR region is the most probable cause. Indeed, 
similar but much less important problems we experienced in the case of the F6TCNNQ-doped 
PDPP(6-DO)TT. As follows from UV-vis-near-IR data, PDPP(6-DO)TT:CN6-CP possesses 
much stronger absorption in the IR region than the PDPP(6-DO)TT:F6TCNNQ blends. 
Morphology of the PDPP(6-DO)TT:CN6-CP system. As the electrical properties in 
semiconducting polymers are strongly dependent on the molecular order, it is important to 
understand how the incorporation of molecular dopants affects the physical structure and 
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nanomorphology of the blend films. A combination of atomic force microscopy (AFM) and 
X-ray scattering is used to characterize the morphology of the doped films. 
AFM measurements show that the doped polymer films are uniform and smooth for 
doping ratios up to MRD = 0.33 (Figure R27). 
 
Figure R27. AFM tapping mode topography images of neat PDPP(6-DO)TT and doped by CN6-CP at 
different molar doping ratios MDRs. 
Topography image of neat polymer shows the worm-like objects which are preserved 
only in blend films with the lowest dopant content up to MDR = 0.03, which may be an 
indication that the doped films are somewhat less ordered. There is a slight increase of the 
root mean square roughness (Rrms) from Rrms = 0.8nm for the neat polymer film to 
Rrms = 2.2 nm for the highest conductivity doped film with MDR = 1. Small nanoparticles of 
~2 nm in height, which may represent phase-separated dopant domains or a dopant-rich phase, 
appear only in the images of the blend films with the highest dopant content (i.e., in films 
with MDRs 1 and 5). However, even in this case the concentration of the nanoparticles on the 
surface is very low (<0.1 % of the overall surface area). Importantly, no signs of phase 
separation are observed even in the highly conductive films with MDR = 0.33 (Appendix, 
Figure A27). 
Similar picture we observe on Scanning Electron Microscopy (SEM) images of the 
samples (Appendix, Figure A28). Neat polymer and doped samples up to MDR = 1 do not 
0 (neat polymer) 0.1 (100:1) 
1 (1:1) 5 (1:5) 
0.1 (10:1) 0.03 (30:1) 
0.2 (5:1) 0.33 (3:1) 
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reveal any observable objects on the surface of the film. Films with MDRs 1 and 5 contain 
barely visible dots on the surface which are comparable to what we see on AFM images. This 
corroborates with the fact that mixing of the polymer solution with the dopant leads to 
dissolution of the latter and results in a remarkably stable solution of the complex between the 
polymer and the dopant. 
Figure R28 shows a grazing-incidence wide-angle X-ray scattering (GIWAXS) pattern 
of a neat ~1 μm thick PDPP(6-DO)TT film. These data reveal a predominant edge-on lamellar 
packing
195
 of the PDPP(6-DO)TT molecules with a lamellar spacing, d100, of 28.8 Å. The 
appearance of up to 5 orders of reflections is indicative of the high degree of molecular order 
of the neat film (Figure R28c). Figures R28a and R28b compare GIWAXS patterns of the 
neat polymer and of the PDPP(6-DO)TT:CN6-CP blend at MDR = 0.5 (more GIWAXS data 
of the doped PDPP(6-DO)TT films are given in Experimental part 4.4, Figure E5). It is 
evident that the main features of the GIWAXS pattern of the neat polymer film are exhibited 
by all blend films (Figure R29b). For comparison, Figure 29a shows the diffraction pattern of 
a neat CN6-CP dopant sample. As can be seen, none of the doped films on Figure R29b 
exhibits any of the dopant crystals reflections, even at maximum dopant content. These 
observations together may suggest that the PDPP(6-DO)TT polymer and the CN6-CP dopant 
cocrystallize and form only one phase, similar to the behavior of PBTTT-C14 polymer doped 
by F4TCNQ reported by Chabinyc et al.
73
 The lamellar crystal d-spacing, d100, obtained from 
the peak position of q2 shows an increase from 28 Å for a neat polymer film to 30 Å for a 
doped film with MDR = 1. The dependence of the crystal size (computed according to the 
Scherrer equation, Experimental part, Figure E6) on the dopant concentration exhibits a 
minimum. This behavior can be viewed as a growing lattice disorder as more and more 
dopant molecules get intercalated in-between the aromatic moieties of the backbones. 
However, above the extremum dopant concentration (MDR > 0.2), the lattice order starts to 
improve again, which is reflected by the increase in the correlation length of the crystal
71
. 
However, because X-rays probe mostly the crystalline part of materials, it cannot be ruled out, 
that a small fraction of CN6-CP molecules segregates in an amorphous part of PDPP(6-
DO)TT. The amorphous halo in Figure R28 seems to be however mostly unchanged. As a 
general conclusion, one can note that doping does not lead to significant changes in the 
molecular order and crystallinity of the PDPP(6-DO)TT polymer film for all investigated 
molar ratios and film thicknesses (Experimental part, Table E7). In such case the mobility 
might have the same value for doped films. 
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Figure R28. GIWAXS data of a neat PDPP(6-DO)TT film (a) and PDPP(6-DO)2TT:CN6-CP at 
MDR = 0.5 (b). (c) High resolution specular X-ray diffraction curve of a neat PDPP(6-DO)TT 
polymer thin film. 
 
Figure R29. (a) X-ray diffraction curve of a neat CN6-CP dopant sample. (b) High resolution 
specular X-ray diffraction curves of a neat PDPP(6-DO)2TT polymer thin films and PDPP(6-DO)2TT 
doped by CN6-CP at different MDRs. 
DFT calculations of the PDPP(6-DO)TT:CN6-CP system. Density functional 
theory (DFT) calculations were performed to model the charge transfer process as well as the 
interaction energy between the π-conjugated polymer and CN6-CP for various stacking 
configurations. Individual monomer units of pDPPTT were used for real calculations without 
alkyl chains (Figure R30). These systems are easier to handle because they are small 
molecules. Much more difficult to deal with the polymer because in case we need to calculate 
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the whole polymer molecule considering the long alkyl chains with huge number of atoms 
which results in large computing time and efforts. The CT is a local effect and may not be 
influenced by fragments of the chain which is quite far apart of the stacking region. Thus, 
such simplified interpretation should not strongly influence the calculation results. 
 
Figure R30. Considered polymer models which include either two acceptor fragments  
(DPP-TT-DPP) or two donor fragments (TT-DPP-TT). Alkyl chains are changed by methyl groups. 
Two models for pDPPTT were considered to account for a correct modelling of the 
influence of the adjacent units. One is where TT unit is in the middle surrounded with two 
DPP fragments to consider the case where one dopant is in the region of the donor unit 
(Figure R30, unit to the left). The opposite way is when the single DPP unit is surrounded by 
two TT units considering the case where dopant is next to acceptor unit in polymer (Figure 
R30, unit to the right). 
The simple models were calculated and the molecular orbital energy for HOMO and 
LUMO levels of the isolated systems were obtained (Figure R31). Since we slightly vary the 
number of electron rich or deficient units we may see the variation of the levels. The 
calculated LUMO levels of F4TCNQ, F6TCNNQ and CN6-CP are -6.03, -6.66 and -6.71 eV, 
respectively. These values are lower than the experimentally determined ones (Experimental 
part, Table E3), however the calculations reproduce higher p-doping strength of CN6-CP. 
When we compare different dopants, CN6-CP has the lowest LUMO which means in terms of 
probability that the charge transfer from the polymer to the dopant may occur much more 
often than in cases of another two dopants. In other words, we can conclude that CN6-CP 
should have the strongest doping effect among the dopants considered. 
Donor unit 
Acceptor 
unit 
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It is noteworthy that the energy of LUMO of dopants in all cases lower than the 
HOMO of monomer units (-5.66 and -5.96 for TT-DPP-TT and DPP-TT-DPP, respectively) 
which means that a spontaneously charge (electron) transfer from the polymer fragments to 
the dopant molecules is a thermodynamically favored process. 
 
Figure R31. Calculated energy diagram for different dopants and polymer fragments. 
The following step was undertaken to anticipate and estimate the charge transfer 
complexes. To optimize the geometry of possible CT complexes, the dopant CN6-CP was 
localized on top of the acceptor unit or above donor unit with the mean π-π stacking distance 
of 3 Å. To evaluate the CT combination analysis was used to estimate where is the charge 
may localize. Three different approaches were used: Mulliken
226
, Hirschfeld
227
 and 
Voronoi
228
 to calculate the atomic charges. As one can see (Figure R32, Table R33) and as 
was already expected in case we put dopant on top of acceptor DPP fragment (complex to the 
right) we see much smaller charge transfer than for the case when dopant localized above 
donor TT unit. In principle, even localization of dopant above acceptor DPP unit leads to the 
charge transfer from polymer to dopant. 
 
Figure 32. Left sketch shows positioning of dopant (CN6-CP) above the donor TT fragment, right one 
shows dopant above the acceptor DPP fragment. 
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Table R33. Evaluation of charge transfer based on population analisis. 
Dopant Positioning above Mulliken Hirschfeld Voronoi 
CN6-CP 
DPP 
0.20 e 0.17 e 0.21 e 
F6TCNNQ 0.35 e 0.31 e 0.20 e 
CN6-CP 
TT 
0.49 e 0.48 e 0.65 e 
F6TCNNQ 0.61 e 0.62 e 0.70 e 
For more detailed studying of the CT complex, the dopant was consistently shifted 
along monomer unit. For each of thus-obtained stacking configuration, single point 
calculations have been performed to evaluate the total energy and the charge transfer degree. 
Such geometry of CT complex was assumed as the most probable. Though, it is possible 
when dopant molecule after complete charge transfer may localize far apart from polymer 
chain or move to another site as well as the charge on the chain is transported within 
conducting region. 
Figure R34 shows calculated charge transfer and energy obtained from PBE/DZ single 
point calculations for the CT complexes of dopant CN6-CP with monomer unit. The distance 
in z-direction was fixed to 3 Å. The shift 𝑑𝑥 indicates the relative distance of the centers of 
masses of the two molecules in the backbone direction. The colored curves point the CT 
obtained by the different population analyses (left scale) while the black bars show energies 
of the CN6-CP:TT-DPP-TT complex relative to the individual molecules (right scale). 
 
Figure R34 Calculated charge transfer and energy for the CT complexes CN6-CP:TT-DPP-TT. 
When we consider stability of the CT complex calculating the interaction energy 
between the dopant and the polymer fragments, one can assess different stable configurations. 
The first one with the dopant next to the acceptor unit (CT complex I, Figure 34) shows 
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slightly smaller charge transfer, but it is more stable than the other two (II, III) in which the 
dopant lies over the donor unit. Interestingly, when we are shifting the dopant towards the 
thiophene units, the charge transfer increases but the energy of the complex becomes higher. 
Thus, the degree of the charge transfer from the polymer fragment to the dopant in majority 
varies in the range 0.5-0.65 e. This is in a sharp contrast with the charge transfer behavior of 
the previously studied PCPDT-BT:F4TCNQ system for which almost no CT was observed 
when the dopant was positioned above the benzothiadiazole acceptor unit
218
. 
One can also consider the opposite way when the dopant lies above donor and shifts 
towards acceptor unit (Figure R35).  
 
Figure R35. Calculated charge transfer and energy for the CT complexes CN6-CP:DPP-TT-DPP. 
One can observe that energy decreases while the charge transfer slightly decreases 
(Figure 35 shifting IV to VII). This trend can be explained as follows: dopant has highly 
polarized cyano-groups as well as DPP unit possesses polarized amide functions. Interaction 
between polar groups may stabilize the configurations when the dopant is next to the DPP 
unit. The calculations reveal the interaction energy gain in 60-100 kJ/mol range, for different 
positions of the dopant relative to the monomer molecules (Figures R34 and R35). 
DFT calculations can reveal HOMO and LUMO energies of CT complexes for the 
cases where dopant localizes on top of acceptor DPP unit or donor TT unit. For all systems 
where the dopant is close to the acceptor unit, the gap between HOMO and LUMO is lower 
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than that for the cases where the dopant is in the region of the donor TT unit (Figures R36, 
R37). 
 
Figure 36. Sub-gap formation. 
 
Figure 37. Energy level diagram shows origin of newly formed CT complex (white field). Blue field 
and yellow field indicate initial energy levels of dopant and the polymer fragments, respectively. 
In the case one calculates for these gaps the wave functions by making an approach 
that the excited state conjugation is described by this excitation from the corresponding 
HOMO to LUMO, we obtain wave functions of around 1490 nm (band gap 0.83 eV) and 
2300 nm (band gap 0.54 eV), Figure 36. As such, our calculations allow attributing 
experimentally observed subgap absorptions at 900–1500 nm and above 2000 nm observed in 
the UV-vis near IR spectra doped polymer (Figure R22) to different geometrical structures of 
the CT complexes. 
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Thus, the DFT calculations confirmed the highest electron affinity of CN6-CP as well 
as efficient electron transfer from considered monomer units to CN6-CP. Positioning of 
dopant above polymer chain and geometry of CT complex influence both on charge transfer 
and stability of the complex. Positioning of the dopant above donor TT fragment leads to the 
increasing in charge transfer. But the most stable configuration is observed in case when 
dopant is next to the acceptor DPP unit. Calculated bandgaps of charge transfer complexes are 
in a good agreement with observed in experiment. 
Reduced radical-anion form of CN6-CP as a dopant. So far, we considered the 
ability of CN6-CP to act as a dopant in its neutral, fully oxidized state. However, a closer 
inspection of CV data of CN6-CP reveals that the anion-radical CN6-CP
•−
 formed upon the 
one electron reduction of CN6-CP still possesses reasonably high electron affinity -0.01 V 
with respect to Fc/Fc
+
 pair (-5.08 eV). This is more electronegative potential than the HOMO 
energy of many electron-rich polymers such as P3HT (-4.8 eV) and we proposed that CN6-
CP
•−
 derivatives can be used as the dopant for such polymers. This is in a sharp contrast to 
state-of-the-art F4TCNQ dopant, the second reduction wave of which lies at the level of -0.4 
V versus Fc/Fc
+
. (Figure R14, Experimental part, Figure E2, Table E3)  
In this section, we explore the doping ability of salt of CN6-CP
•−
 anion-radical. In 
contrast to the hardly soluble neutral CN6-CP (see above), sodium and potassium salts of 
CN6-CP
•−
 are readily soluble in water and many polar organic solvents (alcohols, acetone, 
acetonitrile) but not soluble in apolar solvents. However, solubility of CN6-CP
•−
can be easily 
adjusted by incorporation of, for example, hydrophobic tetrabutylammonium (TBA) counter 
ion which makes the anion-radical to be soluble in variety of apolar solvent ranging from 
chloroform and THF to even hexane. 
The procedure for doping of P3HT by CN6-CP
•−
TBA
+
 (CPTBA) was done similar to 
the previously described with PDPP/CN6-CP case. Blend solutions for casting doped 
polymers were prepared by combining appropriate amounts of freshly-prepared solution of 
dopant and solutions of polymer in CHCl3 to achieve the desired molar doping ratio. Then, 
solutions were drop casted onto glass slides (Appendix, Figure A23). Doping of P3HT by 
CPTBA gives very high values up to 10 S/cm (thick films measured by 4 contact method) 
(Figure R38). Saturation occurs at MDRs 0.1-0.125 what corresponds to 8-10 monomer units 
per dopant molecule and upon increasing MDR conductivity slightly decreases. Presented 
results are few times higher compared to the conductivity of benchmark systems, such as 
P3HT:F4TCNQ (1 S/cm), PBTTT:F4TCNQ (2 S/cm) and P3HT:F4OCTCNQ
225
 (1-10 S/cm). 
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Figure R38. Conductivity of ~1 m-thick films P3HT:CN6-CPTBA. The highest conductivity of 
10 S/cm was achieved for MDR = 0.1. 
It is noteworthy that film quality is very good, continuous without any apparent by 
naked eye aggregates, cracks or lines (Figure R39). As such, incorporation of “soft” TBA 
counter ion into the dopant structure and, hence, into the doped polymer film, has a great 
beneficial effect on the film quality making it smooth, uniform and highly conductive. In case 
P3HT are doped by such strong acceptor as F4TCNQ, it aggregated rapidly and resulting 
material demonstrated very poor film forming properties as can be seen on optical microscopy 
image (Appendix, Figure A13). Moreover, preparation of films from mixtures of CN6-CP and 
P3HT was not possible at all in our hands.  
 
Figure R39. Photographs of P3HT thick films on glass slides undoped (left) and doped with CN6-
CP
•−
 TBA
+
 (right). Scratches were formed upon touching with 4 contact probe. 
Doped with CN6-CP•− 
TBA
+
 
Undoped state 
22.4 mm 22.4 mm 
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3.1.4. Summary 
We chose the benchmark DPP-based donor-acceptor polymer as the material for the 
doping investigations because of its excellent semiconducting and morphological properties, 
e.g. high charge carrier mobility, good solubility and good film-forming properties. Among 
polymers synthesized in our lab, PDPP(6-DO)TT with high Mw 248 kg/mol proved to be the 
most promising candidate for further experiments based on first doping experiments with 
commercial dopant F6TCNNQ. PDPP(6-DO)TT:F6TCNNQ blend film showed a 
conductivity of about 0.2 S/cm (thick drop casted films) and more than 1 S/cm (bottom-
contact devices) which is lower compared to conventional P3HT:F4TCNQ system 
presumably due to low charge carrier concentration caused by insufficient doping strength of 
F4TCNQ and F6TCNNQ. Indeed, F4TCNQ and F6TCNNQ have LUMO levels of -5.27 and  
-5.33 eV, respectively, which is above HOMO of the polymer (-5.5 eV) and, thus, the charge-
transfer process is partial in these cases. Therefore, much more powerful dopant CN6-CP was 
synthesized and studied. To the best of our knowledge, it is the strongest molecular dopant 
among described in open literature. Cyclic voltammetry measurements reveal very low lying 
LUMO (-5.87 eV) of CN6-CP which level is sufficient for spontaneous ground-state charge 
transfer from the HOMO of PDPP(6-DO)TT. 
Solution doping process is rather simple doping method which involves a mixing 
solutions of polymer and dopant in respective ratio at ambient. Highly doped polymer does 
not aggregate and is stable in solution over weeks. Drop casted thick (~1 µm) films and spin 
coated thin films (~30-60 nm) show conductivities up to 90 S cm
-1
, which is almost 2 orders 
of magnitude higher than conductivity of state-of-the-art solution-processed doped polymer 
system P3HT:F4TCNQ. CN6-CP shows a relatively good thermal stability up to 280°C and it 
withstands sublimation in vacuum which makes it potentially suitable for the doping of small 
semiconducting molecules processed by vacuum evaporation techniques as well. The superior 
electron affinity of CN6-CP significantly broadens the range of semiconductors that can be 
used in devices in the p-doped state. 
Results of Uv-vis-near-IR and EPR spectroscopy proved the high degree of the charge 
transfer from the polymer to the dopant. In fact, high absorption of polarons is detected along 
with the radical-anion (reduced) form of the dopant in the doped polymer. DFT calculations 
confirmed the highest electron affinity of CN6-CP as well as efficient electron transfer from 
considered DPP polymer fragments units to CN6-CP. Morphological studies revealed that the 
doped PDPP(6-DO)TT:CN6-CP films are uniform and smooth. Importantly, no signs of phase 
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separation are observed even in the highly conductive films. It is worth to note that doping 
does not lead to significant changes in the molecular order and crystallinity of the PDPP(6-
DO)TT polymer film for all investigated molar ratios and film thicknesses. Thus, AFM and 
GIWAXS studies are consistent with the cocrystallization of the polymer and the dopant. We 
are considering the successful synthesis of the strongest molecular p-dopant CN6-CP and the 
results of doping of PDPP(6-DO)TT as the excellent outcome of this study. 
3.2. Naphthalene Diimide-based Copolymer 
3.2.1. Motivation 
n-Type (or electron-conducting) polymers are essential components in organic devices 
such as ambipolar and n-channel field-effect transistors or organic photovoltaics
229–232
. No 
doubts that naphthalene diimide is one of the most successful building blocks for such 
polymers. First reported in 2009, this core has enabled the realization of polymers with high 
charge transport efficiencies in FET. Bithiophene-naphthalene diimide copolymer,  
P(NDI(2-OD)T2), was reported to yield high electron mobilities under ambient conditions
53
. 
The same core was utilized to produce polymers for solar cells
233–235
.  
High molecular weight polymers are desirable for the fabrication of organic electronic 
devices because of their better film-forming, morphological and charge transport properties. 
As we discussed in Section 3.1.2, remarkable hole mobility was reported for a high molecular 
weight DPP-based polymer whereas lower molecular weight polymers performed poorer
19
. 
Similar dependence were observed for polybenzothiadiazoles
200
 as well as other copolymers, 
however, very high molecular masses may result in completely insoluble material which 
cannot be used for preparation of devices by conventional methods. Thus, the task of 
controlling the polymerization parameters as well as the polymer architecture for a given 
synthetic protocol is of current interest and in many cases must be extended to several 
methods based on chemical nature and actual polymerization conditions. 
Stille
236
 or Suzuki
237
 polycondensation protocols are frequently used for preparation of 
conjugated polymers, including PNDI(2-OD)T2 by step-growth type of polymerization within 
so called AA/BB approach. Conjugated polymers synthesized in such a way frequently suffer 
from a low degree of control over molecular weight. This often results in batch-to-batch 
variations and altered material properties, which is undesirable for optoelectronic 
applications. Rather easy to achieve low molecular mass polymers but the preparation of high 
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molecular weight CPs requires precise balance of A- and B-reactive monomers, long reaction 
times and high reaction temperatures usually along with high loadings of expensive Pd 
catalysts
19,200
. Therefore, synthesis of variable molecular weight conjugated polymers, 
particularly for high values, is not a trivial task. The formation of toxic tin-based by-products 
is another important concern of the Stille polycondensation
238
 which is not crucial for small 
(gram) scale production quantities but should be avoided/overcome for the future mass 
syntheses for organic electronics market. 
In turn, chain-growth catalyst-transfer polycondensations (CTP) of AB-type 
monomers is rather convenient tool for the preparation of well-defined conjugated homo-
polymers, gradient- and block copolymers
10,186,239–245
. Only in recent years the framework of 
chain-growth polycondensations was broadened to the preparation not only simple electron-
rich polymers (polythiophenes, polyphenylenes, polyfluorenes) but to DA copolymers needed 
for several optoelectronic applications
246–250
. Obvious issues in the chain-growth 
polymerization of DA building blocks originate both from increased size of monomers and 
their more complicated polarization pattern, which may impede an intramolecular catalyst 
transfer and promote step-growth propagation
251
.
 
Previously, the working group of Kiriy have developed a Ni-catalyzed chain-growth 
catalyst-transfer polycondensations for an unusual NDI-based radical-anion monomer, Br-
TNDIT-Br/Zn (Figure R40), into the corresponding donor-acceptor alternating copolymer, 
PNDIT2, which is a promising electron conducting polymer also known as PNDI(2-OD)T2 or 
commercially available ActiveInk N2200
186
.  
 
Figure R40. Preparation of the Br-TNDIT-Br/Zn radical-anion monomer and its polymerization. 
Chapter III. Results and discussion. Naphthalene diimide-based copolymers. 
Page 92 
Ni-catalyzed method allowed preparation of PNDIT2 with controlled molecular 
weights up to 100 kg/mol and relatively low dispersity in 1.3-1.7 range
186,243
. However 
PNDIT2 with higher molecular weight, which could be especially attractive for optoelectronic 
applications such as transistors and solar cells, are not accessible with this method. 
Furthermore, it was found that Ni catalysts appear to be inactive for the polymerization of 
other AB-type radical-anion monomers, such as perylenediimido-based ones
244
. 
It is known that Pd complexes are efficient catalysts for a variety of cross-couplings of 
small molecules
252
 and related polycondensations
187,253
. Among a number of ligands 
employed, bulky and electron-rich tri-tert-butylphosphine (P
t
Bu3) is especially promising 
ligand for catalyst-transfer polycondensations. It is because P
t
Bu3 efficiently stabilizes highly 
coordination unsaturated Pd-P
t
Bu3 species and promotes intramolecular oxidative addition 
responsible for the chain-growth behavior over the process. Huck et al. have employed 
Pd/P
t
Bu3 catalyst in chain-growth Suzuki polymerization of benzothiadiazole-based donor-
acceptor monomers
254,255
. Although good polymerization control was achieved in this work, 
preparation of high MW polymers was not reported. 
Thus, the chemistry of this class of macromolecules is far from being optimized. This 
section deals with synthetic achievements and aspects of bithiophene-naphthalene diimide 
polymerization, particularly highly efficient Pd/P
t
Bu3-catalyzed polymerization of the NDI-
based radical-anion monomer into electronic grade, high molecular weight SC. Moreover, 
morphology characterization and charge transport measurements were done for casted thin 
films of obtained polymer. 
3.2.2. Results and Discussion 
Previously, the working group of Kiriy reported Ni-catalyzed method for preparation 
of PNDIT2 that did not involve tin-containing monomers at the polymerization step. But 
anyway, for the preparation of the key monomer precursor, TNDIT, tin-containing thiophene 
was used in Stille coupling reaction. As we mentioned in previous paragraph, the use of toxic 
tin-based compounds has to be avoided. Therefore, TNDIT was synthesized by Suzuki 
coupling (Figure R40). This reaction was conducted at room temperature in water-free 
conditions by using CsF as a base. NDI-based anion-radical monomer Br-TNDIT-Br/Zn was 
prepared by earlier-reported procedure which included reaction between Br-TNDIT-Br and 
excess of activated Zn followed by removal of unreacted Zn by filtration (Figure R40)
186,243
. 
This simple procedure selectively leads to the formation of a complex between Br-TNDIT-Br 
and Zn with exactly 1/1 molar ratio. The latter fact is very important because excess of Zn in 
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the reaction mixture would lead to undesirable chain-termination. The catalyst was prepared 
in situ by mixing of 1 equivalents of Pd(CH3CN)2Cl2 and 1 equivalents of P
t
Bu3
245
. One-to-
one Pd/P
t
Bu3 ratio was chosen to facilitate the formation of coordination-unsaturated Pd-P
t
Bu3 
species, as they were demonstrated to have the highest catalytic activity
256
. 
Room temperature polymerization of Br-TNDIT-Br/Zn performed with a 
monomer/catalyst ratio of 50/1 which is usual for polycondensations catalyst loading. 
Surprisingly, reaction led to a gelation of the reaction mixture within 10 minutes and 
formation of dark-blue polymers insoluble in any solvents tried (THF, CHCl3, 
trichlorobenzene, 1,1,2,2-tetrachloroethane). Termination of the reaction mixture before the 
gelation point (i.e., after 1-5 minutes of the polymerization) did not improve significantly the 
product solubility. Such a poor solubility of the product can be explained either by forming of 
very high molecular weight aggregates or by obtaining 3D patterning of the chains as a result 
of cross-linking. Our speculations and further experiments suggest that the poor solubility of 
the product is due to its extremely high Mw. We assumed that if polycondensation of  
Br-TNDIT-Br/Zn in the presence of Pd/P
t
Bu3 follows the chain-growth mechanism (as, for 
instance, Ni-catalyzed polymerization of Br-TNDIT-Br/Zn)
186,243
, then the molecular weight 
of the resulting product would be reduced in polymerizations with larger catalyst loadings. To 
verify this idea, polycondensation of Br-TNDIT-Br/Zn was performed at the feed ratio of 20/1 
(if clean chain-growth mechanism would be operative, the formation of well-soluble PNDIT2 
with DP=20 and Mn~20 kg/mol is expected). However, an insoluble dark-blue solid formed 
immediately in this experiment. Therefore, Pd/P
t
Bu3-catalyzed polymerization of Br-TNDIT-
Br/Zn does not follow a clean chain-growth mechanism. 
In case the polycondensation involves the step-growth mechanism, decrease of the 
catalyst concentration should slow polymerization rate and facilitate isolation of soluble 
products at incomplete conversions of functional groups. We found out that PNDIT2 soluble 
in warm chloroform and other chlorinated solvents can be obtained for polymerization 
reactions with a feed ratio of 200/1. The resulting polymer formed in 2 hours polymerization 
had Mw in the range of 1000 kg/mol (eluent CHCl3, 40°C: Mn ~ 420 kg/mol, PDI = 2.4; eluent 
– TCB, 150°C: Mn ~ 350 kg/mol, PDI=2.9) (Table R41). Further decrease of the catalyst 
loading decreased molar mass of the resulting polymer. Thus, the polymerization conducted at 
a 350/1 feed ratio (reaction time 2 hours) led to PNDIT2 with Mn = 180 kg/mol, PDI=2.4 
(eluent - CHCl3, 40°C). PNDIT2 with Mn = 90 kg/mol, PDI= 3.0 (eluent - CHCl3, 40°C) was 
formed for the feed ratio of 450/1. Polymerizations with even lower Pd loadings were less 
efficient - only short oligomers were formed upon overnight polymerization at the feed ratio 
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of 1000/1. It is noteworthy that polymerization of Br-TNDIT-Br/Zn in the presence of 
“conventional” polycondensation catalysts, Pd(PPh3)4, Ni(dppp)Cl2 and Ni(dppe)Cl2, 
proceeded much slower and led to polymers having from low to moderate molecular weight 
(in 10-50 kg/mol range). 
Table R41. Selected results of Pd/P
t
Bu3-catalyzed polycondensation of Br-TNDIT-Br/Zn: initial 
monomer concentration [Br-TNDIT-Br/Zn] = 0.0067 M. 
Entry 
 
[M]o/[C] 
(monomer/
catalyst 
feed ratio) 
time P [%] Mn
GPC
[f] 
[g/mol] 
In 
CHCl3, 
40°C 
Mw
GPC
[f] 
[g/mol] 
In CHCl3, 
40°C 
Mn
GPC
[f] 
[g/mol] 
In TCB, 
150°C 
Mw
GPC
[f] 
[g/mol] 
In TCB, 
150°C 
PDI 
1 20/1 10 min 100 Dark blue insoluble material 
2 200/1 7 min 18 16 300 31 100 15 900 25 400 2.3 
3 200/1 16 min 40 32 200 89 300 37 500 61 100 1.7 
4
 
200/1 22 min 49 54 200 124 600 45 900 95 700 2.1 
5 200/1 34 min 68 95 000 253 500 84 000 230 000 2.7 
6 200/1 42 min 87 160 000 360 000 150 000 630 000 4.2 
7 200/1 54 min 96 250 000 620 000 210 000 780 000 3.7 
8 200/1 2 h 100 420 000 1 010 000 340 000 995 000 2.9 
9 200/1 3-4 h 100 Dark blue insoluble material 
10 250/1 2 h 100 310 00 850 000 290 000 750 000 2.6 
11 350/1 2 h 100 180 000 430 000 160 000 390 000 2.4 
12 450/1 2 h 100 90 000 270 000 81 000 245 000 3 
As many other polymers, naphthalene diimide copolymers tend to aggregate even in 
diluted solutions
234
. In order to verify whether the extremely high molecular weights of 
PNDIT2 determined by GPC are correct values or they are affected by chain aggregation 
phenomenon, GPC measurements were performed in trichlorobenzene (TCB) at elevated 
temperatures (60°C, 100°C and 150°C). In case some of the high molecular weight GPC 
peaks (or shoulders) correspond to polymer aggregates, they should disappear or change the 
shape at elevated temperatures
249
. As seen in Figure R42, the GPC peaks remain virtually 
unchanged when the temperature is increased but shift to lower retention times (higher 
molecular masses). This shift may be explained by expansion of PNDIT2 molecular coils 
upon increasing the temperature. In fact, measurements performed in TCB against PS 
standards gives temperature-independent Mn and Mw. These results demonstrate that polymer 
aggregation does not affect GPC measurements in TCB even for high molecular weight 
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samples. The comparison of the GPC data obtained in CHCl3 versus TCB solutions clearly 
shows that significant aggregation is observed only for high molecular weight PNDIT2 (i.e., 
Mn ~ 180 kg/mol, MW ~ 700 kg/mol), which peaks are broader in CHCl3 than in TCB. At the 
same time, GPC analysis performed in CHCl3 gives reliable data for low-to-moderate 
molecular weight PNDIT2. 
 
Figure R42. GPC measurements performed in trichlorobenzene (TCB) at elevated temperatures 
(60°C-black line, 100°C-red line and 150°C-green line) of PNDIT2 having Mn ~ 177 kg/mol, Mw ~ 
690 kg/mol
-1
, PDI= 3.9 (a) and Mn ~ 180 kg/mol, Mw ~ 590 kg/mol
-1
, PDI= 3.3 (b).  
Insight into the polymerization mechanism is the key feature of its control and 
improving. Polymerization was monitored at the feed ratio of 200/1. As seen from GPC of 
crude reaction mixtures (Figure R43), the peak corresponding to polymeric products increases 
and shifts to higher molecular weights during the polymerization. It is noteworthy that 
substantial quantities of the monomer remained even at late polymerization stages. For 
instance, ~ 20% of Br-TNDIT-Br/Zn was still present in the reaction mixture after 1 hour 
polymerization when PNDIT2 with Mn ~ 120 kg/mol, PDI=2.9 was formed. Such a behavior 
is characteristic for the chain-growth propagation mechanism (i.e., one-by-one addition of 
monomer molecules to growing chains) rather than for the step-growth propagation, for which 
the monomer should be consumed early in the polymerization. However, for the pure chain-
growth polymerization, each catalytic species derives only a single polymer chain so that 
polymerization degree of resulting polymer is given by the monomer/initiator ratio. This is 
not the case, as seen from polymerizations conducted at high catalyst loadings (e.g., feed ratio 
20/1 according to chain-growth mechanism should form good soluble polymer with Mn 
nearly 20 kg/mol with narrow PD. But in fact, dark mostly insoluble material formed within 
several minutes. See Table R41). Thus, in these experiments polymer chains overgrew to 
a b 
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much higher than predictable polymerization. As such, a combination of the chain-growth and 
step-growth mechanisms is, most likely, operative here. An early stage of the polymerization 
involves the one-by-one addition of monomers to the initiator (the chain-growth behavior) 
which leads to accumulation of PNDIT2 having moderate molecular weight and significant 
monomer consumption. Afterwards, shorter PNDIT2 chains couple with each other and with 
the remaining monomer in the step-growth manner. 
 
Figure R43. GPC elution curves of crude products obtained at different reaction times in Pd/P
t
Bu3-
catalyzed polycondensation of Br-TNDIT-Br/Zn (monomer/catalyst ratio of 200/1). Mw values of PS 
calibration standards from 1570 g/mol till 915000 g/mol elution times (squares) are also given. 
If we consider Pd-catalyzed step-growth polycondensations, an intermolecular transfer 
of Pd(0) catalyst species from a just coupled pair of monomers/oligomers to the next 
monomer/oligomer molecule occurs randomly. That indicates that eliminated Pd(0) catalyst is 
ready again to react with aryl halides which are still present in the reaction mixture (i.e. 
monomers, dimers, etc.) with an equal probability. According to that mechanism, monomer 
molecules present in a large (molar) excess (compared to oligomers) should be consumed 
prior the formation of high molecular polymers. Again, it doesn’t happen in our case because 
rather high concentration of monomer still remains in solution at very late stage. 
Therefore the reasonable question here is why the step-growth coupling process 
(which is a random coupling of all species having reactive groups) occurs only at the later 
polymerization stage and not during the first stage? Considering pro et contra, a plausible 
mechanism for a Pd/P
t
Bu3-catalyzed polycondensation of Br-TNDIT-Br/Zn is presented in 
Figure R44. 
6 8 10 12 14 16 18 20
elution time, min
Br-TNDIT-Br 
91 kg/mol 
  
915 kg/mol 
  
7 min 
34 
54 
16 
22 
42 
120 
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Figure R44A. Plausible mechanism of Pd/P
t
Bu-catalyzed polymerization of Br-TNDIT-Br/Zn. Chain-
growth stage. 
The first stage is a one-by-one addition of monomers to propagating chains  
Br-(TNDIT)n-Pd(P
t
Bu3)-Br, as it usually occurs in chain-growth CTP (Figure R44A). At this 
stage, the catalytic cycle involves reductive elimination (RE) of Pd(0) species followed by 
their intramolecular oxidative addition (OA) to C-Br bond present at the end of the same 
polymerizing chain. It is noteworthy that intermolecular transfer (diffusion) of Pd(0) species 
followed by intermolecular OA into C-Br bond of the monomer are not favored at this stage 
because of the next: 
 intrinsic propensity of Pd(0) to form π-complexes which makes the intramolecular 
transfer to be entropically more favorable process over the intermolecular one; 
 monomer Br-TNDIT-Br/Zn is relatively electron-rich compound which impedes the 
oxidative addition of Pd(0) to the C-Br bond. 
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Figure R44B and C. Plausible mechanism of Pd/P
t
Bu-catalyzed polymerization of Br-TNDIT-Br/Zn. 
Zn-transfer (B) and chain-coupling (C) stages. 
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The situation changes in the second polymerization stage when relatively large  
Br-(TNDIT)n-Pd(P
t
Bu3)-Br chains are formed. We suggest that the Zn-exchange reaction 
between the monomer and propagating chains occurs at this stage (Figure R44B). As reported 
previously, Br-TNDIT-Br/Zn is a charge-transfer complex in which Zn atom is associated 
with monomer by means of relatively weak donor-acceptor interactions. On the other hand,  
Br-(TNDIT)n-Pd(P
t
Bu3)-Br chains formed in the first polymerization stage contain many 
electron-deficient TNDIT repeat units which may form complexes with Zn atoms. Transfer of 
Zn from Br-TNDIT-Br/Zn to Br-(TNDIT)n-Pd(P
t
Bu3)-Br reduces Pd(II) into Pd(0) to form 
PdP
t
Bu3 and Br-(TNDIT)n-ZnBr along with the formation of Br-TNDIT-Br. Intramolecular 
OA of liberated PdP
t
Bu3 to the C-Br bond of Br-(TNDIT)n-ZnBr results into Br-Pd(P
t
Bu3)-
(TNDIT)n-ZnBr coupling of which results into larger chains. Each coupling step proceeds 
with an abstraction of Pd(0) species which can react with Br-TNDIT-Br molecules formed in 
the Zn-transfer step. This reaction leads to Br-TNDIT-Pd(P
t
Bu3)-Br which may initiate new 
chains (if the monomer is still present in the mixture). This mechanism explains why the step-
growth-like coupling involves larger chains and not monomer molecules, which polymerize 
predominantly on the chain-growth manner. This rather complex mechanism corroborates 
with broad molecular weight distributions of the polymer formed in the Pd(P
t
Bu3)-catalyzed 
polymerization of Br-TNDIT-Br/Zn. 
To verify the possibility of the Zn-exchange process, THF solutions of Br-TNDIT-Br 
(i.e., monomer precursor) and the catalyst (Pd(CH3CN)2Cl2/P
t
Bu3 mixture) were combined at 
a 100/1 ratio and no polymerization was observed, as expected (Figure R45). The 
polymerization was immediately started after addition of an equimolar (compared to Br-
TNDIT-Br) amount of TNDIT/Zn (i.e., Br-free analogous of the monomer). In this 
experiment, high molecular weight PNDIT2 (Mn ~ 180 kg/mol, PDI=3.1) was obtained alone 
with intact TNDIT whereas Br-TNDIT-Br was fully consumed. Another control experiment 
demonstrated that TNDIT/Zn does not polymerize in the presence of the catalyst. Hence, 
these experiments confirm the polymerization mechanism proposed in Figure R44. 
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Figure R45. Control experiments to verify the Zn-exchange process. 
As discussed previously, the polymerization of Br-TNDIT-Br/Zn in the presence of  
2-5% of Pd(P
t
Bu3) leads to extremely high molar weights PNDIT2 within minutes at RT. 
Furthermore, a big fraction of insoluble material is formed at longer polymerization times 
(e.g., 1h). The formation of poorly soluble polymers may be due to extremely high catalytic 
activity of Pd(P
t
Bu3) which promotes growth of polymer chains up and beyond their solubility 
limit. The resulting polymer in this case is supposed to have a normal, linear topology. 
Decrease of the polymer solubility with increase of the polymerization degree is well-known 
phenomena, especially for π-conjugated polymers having a strong aggregation tendency. 
Alternatively, as an undesirable scenario, the formation of insoluble polymers can be due to 
cross-linking side reactions, such as involved direct arylation mechanism in spite of low 
temperature and absence of corresponding initial promoting reagents
257
. Unfortunately, 
determination of the structural defects by NMR spectroscopy was not possible because of a 
strong solution aggregation of PNDIT2 chains which caused broadening of NMR spectra 
(Appendix, Figures A29,30). 
AFM analysis was done to determine morphology aspects, molecular size and shape of 
PNDIT2 chains. Figure R46 shows AFM topography images of thin films prepared on mica 
by spin-coating CHCl3 solutions of three PNDIT2 samples having different molecular 
weights. The low molecular weight sample, indicated here as PNDIT2-L has MW~23 kg/mol, 
PDI 1.7, the medium molecular weight PNDIT2-M has MW~250 kg/mol, PDI 2.4 and the high 
molecular weight PNDIT2-H has MW~995 kg/mol, PDI 2.9. The PNDIT2 concentration of 
these solutions varied from 1 to as low as 0.01 g/L. It should be noted that solutions were not 
filtrated through nanoporous filter before thin-film fabrication to avoid removal of aggregates 
or large chains possibly present in solutions. Furthermore, for the high-Mw sample, a solution 
coming directly from the polymerization was used since after purification this polymer is 
insoluble. All films prepared from 1 g/L had a uniform nanofibrous morphology (Figures 
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R46a,e,i) similar to those previously observed for thin (25 nm) PNDIT2 films prepared by 
dip-coating
258
 or thick (50-100 nm) N2200 films fabricated by spin-coating
259
.
 
 
Figure R46. Representative AFM images of PNDIT2–H (a, b, c, d), PNDIT2–M (e, f, g, h) and 
PNDIT2–L (i, j) films spin-coated on Si wafers from 1 g/L (a, e, i), 0.1 g/L (b, f, j) and 0.01 g/L (c, d, 
g, h) CHCl3 solutions.  
The nanofibers are clearly shorter and less tightly connected for the low molecular 
weight sample but the nanofibers in all three samples exhibit virtually the same height (2.5-
3 nm) (Figure R7k,l, Appendix, A31). The difference in the length of the nanofibers becomes 
obvious for samples deposited from diluted solutions. High molecular weight PNDIT2 
samples deposited from 0.1 g/L solutions form uniform two-dimensional network which 
extends over the entire sample (Figures R46b). Moderate molecular weight PNDIT2-M forms 
similar network but it has somewhat smaller mesh size (Figure R46f) and the chains are 
visibly shorter. In contrast, networks formed upon deposition of PNDIT2-L are less uniform 
and obviously they are enwoven from smaller elementary fibers (Figure R46j). Fortunately, 
further dilution of the PNDIT2-H sample down to 0.01 g/L concentration leads to rather 
loosely connected worm-like surface structures, which correspond to fibrils having the high of 
a single PNDIT2 macromolecule (~ 3 nm) and lateral width of ~ 30-40 nm. Taking into 
a b 
PNDIT2-H 
1 g/L 
PNDIT2-H 
0.1 g/L 
c PNDIT2-H 
0.01 g/L 
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d 
i j PNDIT2-L 
1 g/L 
PNDIT2-L 
0.1 g/L k 
PNDIT2-M 
0.01 g/L h 
500nm 
e 
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f 
PNDIT2-M 
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160 nm 
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account a tendency of AFM to overestimate lateral dimensions due to relatively large 
diameter of the AFM probe, these fibrils, most likely are bundles of a few chains (Figures 
R46d,h). Contour lengths of the worm-like structures in Figure R46d are of 100-600 hundreds 
nanometer in length which corresponds to a degree of polymerization in a 100-400 range 
(length of repeat unit of PNDIT2 is about of 1.5 nm). Apparently, isolated chains and few-
molecules aggregates cannot be resolved in the case of the low molecular weight PNDIT2-L 
deposited from the same (0.01 g/L) or lower concentrations due to their much smaller size. As 
such, morphological studies performed herein further confirm the linear chain topology of the 
high molecular weight PNDIT2 samples formed at relatively high Pd/P
t
Bu3 catalyst loadings 
and suggest that their low solubility is not caused by a cross-linking of the chains. This result 
follows from the fact that PNDIT2 samples of various molecular weights form uniform and 
smooth films. Indeed, highly branched or cross-linked PNDIT2 molecules should have three-
dimensional morphology rather than the one-dimensional structure observed in our 
experiments. 
The charge transport characteristics of PNDIT2 prepared by the newly-developed 
synthetic protocol were tested in a thin-film transistor (TFT) device architecture. It was 
previously demonstrated that PNDIT2 obtained by step-growth Stille coupling 
polycondensation (also known as P(NDI2OD-T2) or N2200) exhibits predominantly n-type 
TFTs with electron mobilities ~ 0.2 cm
2
/V s when measured in ambient with PMMA as the 
dielectric layer
53
. The top-gate, bottom-contact TFT devices (Figure R47) investigated here 
were fabricated on glass substrates with Au source/drain/gate electrodes by using PMMA as 
the gate dielectric. The poor processability of the extremely high molecular weight PNDIT2-
H precluded the fabrication of workable TFT devices, therefore PNDIT2-M and PNDI2-L 
were studied and compared with the control N2200 batch (Mw=72 kg/mol). To minimize 
processing variations, polymer films were fabricated in a glove-box by spin-coating 0.5-8 g/L 
ortho-dichlorobenzene (DCB) and tetrachloroethane (C2H2Cl4) solutions affording films with 
a nominal thickness of ~2-50 nm (Table R48) as accessed by profilometry and optical 
absorption measurements (Appendix, Table A30,A31). The finished devices were then tested 
at ambient conditions. Representative transfer characteristics of these TFTs are shown in 
Figures R49, A32,33 whereas TFT mobilities are collected in Table R48.  
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Figure R47. Schematic of the OFET structure. 
Table R48. TFT parameters for N2200, PNDIT2-M, and PNDIT2-L fabricated devices. 
Entry Polymer 
Solvent/ 
Conc. (g/L) 
th
b
 
nm 
μelectron 
cm
2
/Vs 
μhole 
cm
2
/Vs 
1 N2200 DCB/8 50
c
 0.20-0.30 ~0.006 
2 N2200 C2H2Cl4/7 40
c
 0.27-0.33 ~0.009 
3 N2200 C2H2Cl4/3 15 0.27-0.28 ~0.007 
4 N2200 C2H2Cl4/1 5 0.01-0.015 - 
5 PNDI2T-M DCB/8 50
c
 0.15-0.31 ~0.01 
6 PNDI2T-M C2H2Cl4/7 40
c
 0.10-0.30 ~0.009 
7 PNDI2T-M C2H2Cl4/3 14.5 0.10-0.20 ~0.006 
8 PNDI2T-M C2H2Cl4/1 4.5 0.02-0.01 ~0.001 
9 PNDI2T-M C2H2Cl4/0.5 2 ~0.0002 - 
10 PNDI2T-L C2H2Cl4/7 35
c
 0.30-0.46 ~0.008 
11 PNDI2T-L C2H2Cl4/3 16 0.31-0.37 ~0.001 
12 PNDI2T-L C2H2Cl4/1 5 ~0.005 ~0.0003 
13 PNDI2T-L C2H2Cl4/0.5 2.5 ~0.0003 - 
Performance range for at least 10 devices; 
b
film thickness on glass substrates as determined by optical absorption 
unless indicated ( 10% accurate); cthickness of the active layer was determined by profilometry ( 5% 
accurate). 
For the TFTs based on the thick polymer films (35-50 nm), the control devices based 
on N2200 (Entries 1 and 2) exhibit saturation mobilities of 0.2-0.3 cm
2
/V s for electrons and 
~0.006-0.009 cm
2
/V s for holes, in agreement with previous studies. Importantly, the devices 
based on chain-growth polycondensation PNDIT2-M (Entries 5 and 6) exhibit saturation 
mobilities of 0.1-0.3 cm
2
/V s for electrons and ~0.01 cm
2
/V s for holes whereas PNDIT2-L 
(Entry 11) exhibit saturation mobilities of 0.30-0.46 cm
2
/V s for electrons and ~0.008 cm
2
/V s 
for holes. These data suggest that the Sn-free polycondensation reactions can afford NDI-
based polymers with equivalent performance than conventional approaches. 
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Figure R49. Representative n-channel and p-channel transfer characteristics in ambient for PNDIT2-
M TFTs with the indicated thicknesses. 
Ultra-thin organic semiconductor devices could be of high technological interest for 
next-generation large-area electronics. Fabrication of polymeric film approaching a few 
monolayers in thickness for the semiconductor by higher throughput techniques solutions 
would be technologically attractive, given the possibility of using the minimal amount of 
material, which can further reduce costs. To verify the feasibility of this approach, transistors 
based on much thinner semiconductor films were fabricated by spin-coating all the polymer 
batches. Several polymer concentrations were used for the film deposition as indicated in 
Table R48, affording films from 15 to 2 nm. Knowing from AFM that the thickness of the 
elementary fibrous structures formed at incomplete surface coverage is 2.5-3 nm 
(Figure R46), which is close to the computed molecular size of the N-(2-octildodecyl) 
substituted naphthalene diimide unit and to the lamellar d-spacing of N2200 films
91
, these 
PNDIT2 films can be regarded as multilayers comprising from a sub-monolayer (Entries 9 
and 13) to a maximum of 5-6 molecular layers (Entries 3, 7, 11). Thus, the electron mobilities 
of the ~ 15 nm devices are very significant, with values of 0.27-0.28 cm
2
/V s for N2200 
(Entry 3), 0.10-0.20 cm
2
/V s for PNDIT2-M (Entry 7) 0.31-0.37 cm
2
/V s for PNDIT2-L 
(Entry 11) (hole mobilities ~ 0.006-0.008). Interestingly, these numbers are very close to the 
electron/hole mobilities of much thicker PNDIT2-M films. Furthermore, it is worth to note 
that for all of the devices investigated so far, PNDIT2-L exhibits to a small extent, yet 
statistically significant, larger electron mobilities. This result contrasts previous studies where 
low-Mw polymers were found to exhibit poorer performance than the corresponding high-
Mw ones. However, note that both our PNDIT2-L and PNDIT2-M samples have much larger 
Mw than those reported in previous studies
260,261
. 
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A series of ultra-thin semiconductor transistors (5-2 nm) were also fabricated and 
measured as well as few molecular layers devices. As seen from the data in Table R48, 
electron and hole mobilities decline when we approach the nominal sub-monolayer thickness. 
Thus, transistors based on N2200 (Entry 4) and PNDIT2-M (Entry 8) with a ~5 nm thick 
semiconductor film continue to exhibit substantial electron mobilities (0.02-0.01 cm
2
/V s) 
whereas those based on PNDIT2-L (Entry 12) are ~ 2x lower. These results reflect the poorer 
interconnected network for the ultra-thin film of the low-Mw sample, as the AFM images 
indicate (Figure R46j). Remarkably, transistors with the active layer thickness lower than the 
monolayer thickness showed a measurable electron mobility of ~10
-4
 cm
2
/V s. Further 
decrease of the semiconductor film thickness leads to a full degradation of the TFT 
performance. 
Important to note, previously reported mono/multilayers of PNDIT2 prepared by LS 
technique exhibited 10-100x lower electron mobilities
262
, which was attributed to unfavorable 
edge-on molecular orientation of the polymer chains. It is commonly accepted that face-on 
oriented PNDIT2 chains within the charge transporting film enhances the charge carrier 
mobility for this semiconductor
263
. Furthermore, our PNDIT2 ultra-thin transistors exhibit 
charge carrier mobilities competing/surpassing those of previously reported ultra-thin films 
fabricated by dip-coating
258
. 
Several conjugated polymers (e.g., P3HT, polyfluorenes) tend to form monolayers of 
densely packed macromolecules on dielectric surfaces. If there is not enough material 
available to form a dense monolayer (such as upon spin-coating from diluted solutions), then 
the polymer molecules segregate into isolated islands
264
. Obviously, long-range charge 
transport in the lateral direction through such disconnected domains is difficult. In contrast, 
our morphological analysis suggests that PNDIT2 polymer chains, even for very low surface 
coverage, tend to form a 2D network extending the whole dielectric surface, providing good 
pathways for charge transport from the source to the drain electrodes in our devices.  
3.2.4. Summary 
We have developed a highly efficient tin-free method to polymerize naphthalene 
diimide-dithiophene-based anion-radical monomer in the presence of Pd catalyst having bulky 
and electron-rich tri-tert-butylphosphine ligand. The polymerization has several technological 
advantages as it proceeds fast at mild conditions and does not involve toxic tin-based 
monomers. The electron-conducting polymer PNDIT2 with molecular weights ~1 000 kg/mol 
can be routinely obtained upon polymerization conducted at room temperature using rather 
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low catalyst concentrations (<0.5 mol% relative to the monomer). Apparently, described 
polymerization follows via rather complex unusual CTP mechanism as a combination of 
chain-growth and step-growth pathways. In fact, Zn-transfer from activated monomer to the 
growing oligo-chain and following chain-coupling, presumably, takes place on the late stages. 
Our speculation was confirmed by kinetic and additional control experiments.  
High temperature GPC analyses reveal that significant polymer aggregation is 
observed only for high molecular weight PNDIT2 (but not for moderate and low Mw 
fractions) which peaks are broader in CHCl3 than in TCB at elevated temperature. 
AFM studies display rather uniform nanofibrous morphology for spin coated films and 
different molecular weights fractions. Diluted solutions of high and medium Mw samples 
form uniform two-dimensional network. Films deposited from highly diluted solutions show 
loosely connected worm-like surface structures, which correspond to fibrils having the height 
of a single PNDIT2 macromolecule (~ 3 nm) and lateral width of ~ 30-40 nm. Morphological 
study confirms the linear chain topology of the high molecular weight polymer. 
PNDIT2 with low and moderate molecular weights are easily processable from 
solution and the corresponding TFTs exhibit electron mobilities as high as 0.46 and 0.31 
cm²/Vs for thick (40-50 nm) semiconductor films, as good as those of standard N2200 TFTs. 
Devices based on thinner films (15 nm) exhibit comparable electron/hole mobilities. 
Furthermore, ultra-thin (~ 4-5 nm, two molecular layers) semiconductor devices also show 
promising transport properties with electron mobilities as high as 0.02 cm²/Vs. Such a good 
charge transport properties of these thin films are given by a strong propensity of PNDIT2 
chains to form a two-dimensional percolating network, as confirmed by AFM. 
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3.3. Isoindigo-Based Copolymers 
3.3.1. Motivation 
Isoindigo (iI) unit (Figure R50) is analogous to DPP and consists of two strongly 
withdrawing indoline-2-one moieties. It has been used in a number of DA conjugated 
polymers in the past few years. iI is a very stable, symmetrical and perfect planar  
π-conjugated molecule which possesses high optical absorption and can be referred to organic 
dyes. Framework of isoindigo appears to suggest good prospects for applications in organic 
electronics because its structure includes nitrogens which can be alkylated with long chains to 
improve solubility without influence on the molecules planarity. As long as iI is a cyclic 
lactam similar to DPP therefore, successful concepts developed for DPP based polymers may 
be applied to iI as well, i.e. N-alkylation and extension of the π-scaffold to donor-acceptor 
polymers with alternating donor-isoindigo acceptor structure
265
. 
 
Figure R50. Isoindigo unit a) and DPP unit for comparison b). 
First considerable works on isoindigo were done by several groups which focused on 
small molecules and their applications as p-type semiconductors in organics photovoltaics
266–
271
. Particularly, Reynolds group demonstrated enhanced performance up to 3.7% of BHJ 
solar cell device
267
 based on small molecules of iI(TT)2. Group of Andersson and Wang put 
their efforts on investigating of iI-based polymers and achieved PCE of 6.3% for solution 
processed devices consisting of P3TI and PCBM as acceptor material
271
. The study of charge 
transfer properties of polymer iI-based devices is of particular interest. Thus, it was 
demonstrated air-stable hole mobility for IIDT and IIDDT up to 0.79 cm
2
/V s and this value 
might be improved in the following years by modification of the electron-donating 
moiety
268,269
. Moreover, recently reported by Kim et al.
138
 hole mobility value up to  
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14.4 cm
2 
/V s for thienoisoindigo-alt-naphthalene-based TFT. Along with high transistors 
performance BHJ solar cells showed significant progress. Thus, PCE of up to 9.1% and hole 
mobility 0.31 cm
2 
/V s were reported by Yue et al.
272
 for isoindigo derivative polymer TBTIT 
with acceptor PCBM. 
Therefore, isoindigo- based copolymers is an intriguing class of electron-conducting 
materials with excellent charge transport properties, as well as considered 
diketopyrrolopyrrole-
 
and naphthalene diimide alternating main chain copolymers. In the 
present part, aiming at extension of the scope of new polycondensation, we attempted 
copolymerization of isoindigo-based monomers. We supposed that isoindigo, being an 
aromatic lactam by its chemical structure
199,273–275
, may react with active zinc similarly to 
rylene-diimides forming charge-transfer complexes even though that isoindigo contains two 
times lesser amount of electron-accepting carbonyl groups. 
3.3.2. Results and Discussion 
Isoindigo-based dibromide Br-TiIT-Br having two 2-octyldodecyl solubilizers was 
prepared as described previously
266
, coupled with two molecules of thiophenestannane under 
Stille cross-coupling conditions and brominated with NBS giving (E)-6,6'-bis(5-
bromothiophen-2-yl)-1,1'-bis(2-octyldodecyl)-[3,3'-biindolinylidene]-2,2'-dione (see 
Experimental part 4.2.3). Such type of monomer was considered to be good precursor 
prepared for further polymerization attempts. Chain-growth catalyst-transfer 
polycondensations involve AB-monomers (i.e., building blocks in which metalorganic 
(nucleophilic) and halide (electrophilic) functions are present in the same molecule). In this 
work we found that treatment of isoindigo-based dibromide Br-TiIT-Br with alkyl magnesium 
halides did not lead to the corresponding AB-type monomer Br-TiIT-MgBr (Figure R51). 
Similarly, the treatment of Br-TiIT-Br with highly reactive n-BuLi failed to give the 
corresponding lithiation product Br-TiIT-Li. Such a behavior was previously observed during 
attempts of activation of structurally similar naphthalene- and perylene-diimide derivatives.
11
 
We explained these results by a concurrent single-electron transfer from electron-rich 
alkylmetals to electron-deficient dibromo-arylimide which occurs faster than the halogen-
metal exchange. An alternative Zn-based route for activation of electron-deficient 
naphthalene- and perylene-diimide-based dihalides was reported (see Section 3.2.2). An 
attractive feature of this method is that the polycondensation of thus-prepared monomers may 
proceed via the chain-growth catalyst-transfer mechanism, at least in the case of Br-TNDIT-
Br/Zn. 
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Figure 51. Preparation of monomers Br-TiIT-Br/Zn and Br-TNDIT-Br/Zn. 
In the present work we found that Br-TiIT-Br reacts with activated Zn powder within 
minutes at room temperature resulting into zinc-organic complex Br-TiIT-Br/Zn soluble in 
THF. Titration experiments with iodine revealed the 1/1 ratio between Br-TiIT-Br and Zn in 
Br-TiIT-Br, irrespective of whether an equimolar amount or excess of Zn was added. The 
acidic workup of Br-TiIT-Br/Zn led to a quantitative recovering of Br-TiIT-Br but not to a 
hydrogen-terminated product Br-TiIT-H formation of which is expected upon hydrolysis of 
“normal” zinc-organic compound Br-TiIT-ZnBr (Figure R51). 
EPR measurements of Br-TiIT-Br/Zn complex. Br-TiIT-Br/Zn considered to be 
paramagnetic complex similar to described in Section 3.2 Br-TNDIT-Br/Zn complex. EPR 
measurements confirmed the presence of paramagnetic species having an intense signal at 
g=2.0031 (Figure R52). This observation is consistent with electron transfer from Zn to the 
electron-deficient Br-TiIT-Br which leads to the radical-anion (Figure R51). As such, Br-
TiIT-Br behaves similarly to rylene-diimide-based compounds in the presence of Zn. 
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Figure R52. EPR spectrum of the anion-radical Br-TiIT-Br/Zn in THF. 
Polymerization of isoIndigo and its copolymer with TNDIT. First polymerization 
attempts were tested with Ni catalysts (Ni(dppe)Cl2 and Ni(dppp)Cl2). Br-TiIT-Br was 
recovered after quenching of the reaction mixture, therefore Ni complexes which were quite 
efficient in the case with NDI-based monomers, failed to polymerize Br-TiIT-Br/Zn at 
various reaction conditions. As it was discussed in previous section, Pd/P
t
Bu3 catalyst 
displays higher catalytic activity in the polymerization of NDI-activated complex and acts 
more efficiently than Ni catalysts in a variety of cross-coupling reactions of small molecules 
and related polycondensations
252,276,277
. Dark-blue polymer formed within several hours at 
room temperature after addition of activated iI-monomer to the freshly prepared Pd/P
t
Bu3 
(Figure R53). Polymerization course was monitored at [Br-TiIT-Br/Zn]/[Pd/P
t
Bu3] ratio of 
100/1 (Table R54).  
 
Figure R53. Polymerization of zinc-activated isoindigo-based anion-radical monomer Br-TiIT-Br/Zn 
and its copolymerization with Br-TNDIT-Br/Zn. 
Elution GPC curves which correspond to crude reaction mixtures sampled-out at 
different polymerization times (Figure R55) testify that the monomer peak almost disappears 
already after one hour polymerization when only short isoindigo-oligomers are formed. Going 
further, oligomers’ peak piece by piece moves towards shorter elution times which mean 
higher molecular weights. Important to note that polydispersities Ð of sampled polymers 
increase with the increase of the polymerization time (Table R54). Obviously, observed data 
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do not correspond to the chain-growth propagation mechanism in polycondensations of Br-
TNDIT-Br/Zn, described in previous section (Figure R43). Rather, these data suggest that the 
polycondensation involves the step-growth mechanism from the beginning of the 
polymerization. 
Table R54. GPC data of crude reaction mixtures obtained upon the polymerization of Br-TiIT-Br/Zn 
at the [Br-TiIT-Br/Zn]/[Pd/P
t
Bu3] ratio of 100/1. 
Polymerization 
time 
Mn 
(kg/mol) 
Mw 
(kg/mol) 
Ð 
1h 4.5 16 3.7 
2h 9 51 5.9 
4h 12 125 10.2 
6h 16 150 9.3 
8h 17 220 13.0 
16h 18 370 20.5 
 
8 10 12 14 16 18
Elution time, min
 0 min
 1 h
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 16 h
 
Figure R55. Evolution of GPC curves of crude reaction mixtures obtained upon the polymerization of 
Br-TiIT-Br/Zn at the [Br-TiIT-Br/Zn]/[Pd/P
t
Bu3] ratio of 100/1. 
It is not clear why the chain-growth behavior is dismissed in this case compared to 
rylene-based monomers discussed in Section 3.2. Possible reason may be the structural feature 
of the iI monomer which includes double bond in the middle. It is known that olefins are 
much stronger ligands for transition metals than aryls
19
. Thus, simultaneously with reductive 
elimination of the catalyst it may form the complex with double bond which in turn may 
prohibit the intramolecular transfer of the catalyst toward the growing chain end. The latter 
motion along propagating polymer chain we call “ring-walking”. Plausible mechanism of this 
polymerization presented on Figure R56. The first stage is an inserting of the catalyst into iI-
Br bond of activated monomer along with transmetallation process followed by oxidative 
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addition to the next activated monomer/oligomer to propagate the chain Br-(TiIT)-Pd(P
t
Bu3)-
TiIT-Br, as it is considered to be in usual chain-growth catalyst-transfer polycondensation. At 
this stage, the catalytic cycle involves reductive elimination (RE) of Pd(0) species and “ring 
walking process” is expected to be followed (red dashed arrow). But most likely, proposed 
complexation process may occur on this stage (orange arrow). Therefore, an alternative 
intermolecular oxidative addition may be a more favored process because it involves a direct 
attack of another monomer/oligomer having C-Br bonds onto Pd(0). Wide polydispersity of 
the polymer formed may be explained by proposed step-growth mechanism. 
 
Figure R56. Plausible mechanism of Pd/P
t
Bu-catalyzed polymerization of Br-TiIT-Br/Zn. 
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As such, preparation of complex polymer architectures, e.g., as all-conjugated block 
copolymers via chain-extension route, is problematic by using this polymerization route as it 
requires clean chain-growth propagation. Nevertheless, we assumed that synthesis of random-
copolymers, such as of Br-TNDIT-Br/Zn and Br-TiIT-Br/Zn might be possible because 
polymerization of both these monomers occurs at the same polymerization conditions and in 
the presence of the same catalyst. To verify this idea, polymerization of Br-TNDIT-Br/Zn and 
Br-TiIT-Br/Zn was attempted at different monomer ratios (50/50, 75/25 and 25/75) (Figure 
R57). 
 
Figure R57. Copolymerization of zinc-activated isoindigo-based anion-radical monomer Br-TiIT-
Br/Zn with Br-TNDIT-Br/Zn. 
It was established that monomer mixtures polymerized smoothly at room 
temperatures. Dark-blue polymer was obtained. Molecular weights were determined by SEC 
at elevated temperatures in chloroform and trichlorobenzene in order to suppress possible 
aggregation (Table R58). 
Table R58. GPC data of P(TiIT-co-PTNDIT) copolymers. 
 CHCl3, 40°C TCB, 60°C TCB, 150°C 
Ratio 
Mn 
kg/mol 
Mw 
kg/mol 
Ð Mn Mw Ð Mn Mw Ð 
P(TiIT27-co-
PTNDIT73) 
24 104 4.3 19.3 55 28 21.5 55 2.5 
P(TiIT53-co-
PTNDIT47) 
22.4 117 5.2 14 35.5 2.5 15.2 33 2.1 
PTiIT(75-co-
PTNDIT25) 
33 220 6.6 16.9 68 4.0 15.4 34.7 2.2 
The GPC curves are broadened at lower temperatures which indicate stronger 
aggregation of chains. The measurements at 150°C in trichlorobenzene exhibit sharper peaks 
Chapter III. Results and discussion. IsoIndigo-based copolymers. 
Page 114 
indicating that aggregation is suppressed at this temperature. The latter measurements showed 
Mn 15-22 kg/mol range and Ð in 2.1-2.5 range. Chromatogram curves are shown in Appendix, 
Figure A37. 
NMR investigations of the copolymer. The resulting copolymers were investigated 
by 
1
H NMR spectroscopy and their spectra were compared with the spectra of corresponding 
homopolymers (Figure R59). Well resolved 
1
H NMR spectra were measured in C2D2Cl4 at 
120°C for samples with medium molecular weight. At low temperatures copolymers 
aggregated considerably and their spectra showed no distinctive features. The spectrum of 
P(TNDIT) (Figure R59a) shows a low-field-shifted signal of the NDI proton and an AB spin 
system for the thiophene protons. A significantly low-field-shifted signal is also observed for 
PTiIT representing H8 which is located within the deshielding region of the carbonyl group 
(Figure R59d). The chemical shift difference between both thiophene protons is small (0.1 
ppm) but a ROESY effect between H5 and H6 allows to distinguish both thiophene proton 
signals. It is obvious from the spectra of the copolymers (Figures R59b,c) that the isolated 
polymeric products contain both NDI and isoindigo monomers (marked in Figure R59 as “N” 
and “iI”, respectively). The monomer ratio was determined from signal integrals of H3 
(TNDIT) and H8 (TiIT), respectively. 
Copolymerization is proved by composition-dependent signal splitting observed for H1 
of NDI and H6 of iI units. As indicated in Figure R59c, these splittings are due to NDI-
centred triads and TiIT-TiIT and TiIT-TNDIT diads, respectively. Unfortunately, only the 
diads’ content could be determined with good accuracy by signal deconvolution. Relating 
these values to those expected for random copolymerization reveals that for both copolymer 
compositions the content of the TiIT-TiIT diad is increased in the copolymers (47% vs 27% 
for P(TiIT27-co-PTNDIT73) and 65% vs 53% for P(TiIT53-co-PTNDIT47). Hence, the 
copolymers show a certain degree of blockiness. Moreover, the increased content of 
homodiads points to preferred homopropagation in the copolymerization process. 
Composition of the obtained copolymers practically corresponds to the feed ratios of 
respective comonomers which were taken for copolymerization (47/53 vs 50/50 and 27/73 vs 
25/75) as determined by integration of TiIT and TNDIT units. 
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Figure R59. 
1
H NMR spectra (regions of aromatic and thiophene protons) of a) P(TNDIT) and d) 
P(TiIT) in comparison to two P(TNDIT-co-TiIT) samples with 73 mol% b) and 47 mol% c), 
respectively, TNDIT comonomer content. Triad signals observed for H3 and diad signals observed for 
H6 are assigned (N–TNDIT; iI–TiIT). # - thiophene end group signals. 
Cyclic voltammetry measurements. Films of PTiIT and PTNDIT homopolymers as 
well as P(TiIT-TNDIT) copolymers were prepared on electrodes and their redox behavior was 
studied by cyclic voltammetry in acetonitrile in the presence of 0.1 M NBu4PF6 as electrolyte 
(Figure R60).  
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Figure R60. Voltammograms of the films of PTiIT and PNDIT2 homopolymers as well as P(TiIT-co-
TNDIT) copolymers. 
The polymers oxidize irreversibly so that determination of their HOMO levels seems 
to be problematic. In contrast, the polymers exhibited reversible reduction behavior and 
reduction of PTiIT homopolymer occurred at 0.25 eV more electronegative potential than that 
of PTNDIT. In general, our data for homopolymers are in accordance with previously 
reported data for the same polymers obtained by Stille polycondensation which report LUMO 
levels of −3.7 eV19,20 and −3.95 eV for PTiIT and PTNDIT, respectively. As expected, the 
volagramms of the P(TiIT-TNDIT) copolymers with near equal TiIT/TNDIT composition 
contains features inherent to both homopolymers. On the other hand, redox behavior of the 
copolymers with the major TiIT (80%) or TNDIT (73%) components resembles the behavior 
of the respective homopolymers. 
Optical absorption of the copolymers. To further verify the successful 
copolymerization of TiIT and TNDIT units, UV-vis absorption and fluorescence spectra of 
the homopolymers and copolymers were recorded in chloroform solutions. As seen from 
Figure R61a, the UV-vis spectrum of PTiIT has an absorption of a moderate intensity around 
380 nm assignable to the π –π* transition and two low-energy absorption maxima at 650 nm 
and 725 nm corresponding to the charge transfer (CT) excitations. Further evidence of 
successful copolymerization comes from fluorescent spectroscopy. As seen from Figure 61b, 
incorporation of TNDIT units leads to almost complete quenching of the TiIT fluorescence 
even in the sample with the lowest TNDIT content. The fluorescence quenching is likely due 
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to energy and/or electron transfer from TiIT to TNDIT. Since the energy and electron transfer 
processes may proceed when the donor and acceptor units are located closely to each other, 
the quenching occurring in solution confirms the covalent connection of the TiIT and TNDIT 
units.  
 
Figure R61. a) UV-vis and b) luminescence spectra of the homopolymers PTiIT and PTNDIT, and 
copolymers in chloroform solutions. 
Mass spectrometry. MALDI-TOF spectrum of the P(TiIT) copolymer showed the 
peaks with masses corresponding to oligomers (Figure R62). The most abundant termination 
of the polymer is H/H, however H/Br and Br/Br terminations are also present (shown in 
inset). Molecular weight of TiIT repeat unit is 985. The most unusual observation is the 
presence of intense “half repeat unit” peaks with m/z=494. We can speculate that it forms 
most likely by decomposition at the double bond located in the middle of the unit. 
 
Figure R62. MALDI-TOF spectrum of P(TiIT). 
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MALDI-TOF spectra of P(TiIT-co-TNDIT) copolymers are similar to the spectrum of 
the homopolymer P(TiIT) because of similarity of the masses of TiIT and TNDIT repeat units 
(MW of TNDIT is 989) (see Appendix, Figures A38-A40). The most pronounced difference 
between the homopolymer and copolymers is the gradual decreasing in intensity of the “half 
repeating unit” peaks (which is referred to TiIT decomposition). In another words, consistent 
decrease in content of TiIT units in copolymer leads to the reduction of its signals in spectra. 
X-Ray Diffraction. The molecular packing and morphology of PTiIT were probed 
using X-ray diffraction (XRD). A free-standing PTiIT film with a thickness of about 1µm was 
prepared by drop-casting and investigated with X-rays incident slightly tilted to the film. 
Figures 63a,b show two-dimensional (2D) XRD patterns of the polymer film before and after 
thermal annealing for 20 min at 300°C, respectively. 
 
Figure 63. 2D X-ray diffraction patterns obtained with the beam slightly tilted to a) as-prepared PTiIT 
film and b) thermally annealed PTiIT film at 300°C for 20 min. c) and d) show the respective radially 
averaged curves. 
The corresponding radially averaged diffraction patterns are shown in Figures 63c and 
d, respectively. Evidently, the sample before annealing is essentially amorphous. Sample is 
considerably amorphous before annealing. After annealing, PTiIT shows some crystallinity, 
however it is lower than other DA copolymers, such as of PTNDIT
91
 or some of 
diketopyrrolopyrrole-based copolymers
19
. For the annealed sample, the (100) lamellar 
stacking peak position lies at q ~ 0.29 Å−1 (lamellar spacing d ~ 22 Å). The broad hump from 
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q~1.1 to 2.0 Å−1 is attributed to amorphous scattering from disordered side chains. Also 
discernable is a weak (010) peak at q~1.68 Å−1 corresponding to π–π stacking with 3.7 Å 
spacing. 
3.3.4. Summary 
We found out that the reaction of isoindigo-based dibromide Br-TiIT-Br with 
activated Zn leads to anion-radical specie. Formation of such anion-radical is confirmed by 
EPR measurement. Zn doesn’t insert into C-Br bonds similarly to the case of rylenediimide-
based dibromides. On the other hand, attempts to activate monomer by interaction with such 
nucleophiles as Grignard reagents and BuLi were not successful. The Zn-activated monomer 
failed to polymerize in the presence of Ni-complexes, however readily polymerizes in the 
presence of Pd/P
t
Bu3 catalyst giving PTiIT with a relatively high molecular weight of 
Mw = 370 kg/mol. Unlike the polymerization of rylenediimide-based monomers which 
involves the chain-growth mechanism, isoindigo-based monomer polymerizes on the step-
growth manner under the same reaction conditions. Copolymerization of isoindigo-based 
anion-radical monomers with corresponding naphtalenediimide-based monomers is close to 
statistical and proceeds smoothly. 
High temperature GPC analyses in TCB indicate stronger aggregation of chains at 
lower temperatures both TiIT-polymer and copolymers with TNDIT. Comparison of 
1
H NMR 
spectra of homopolymers and P(TNDIT-co-TiIT) proves copolymerization. It is established 
that copolymers show a certain degree of blockiness. Composition of the obtained copolymers 
practically corresponds to the feed ratios of respective comonomers taken ab initio. 
According to cyclic voltammetry, reduction of PTiIT homopolymer occurred at 0.25 eV more 
electronegative potential than that of PTNDIT (LUMO levels of −3.7 and −3.95 eV, 
respectively); increase of the content of isoindigo-based units in the copolymers enhances 
intensity of more electronegative reduction peak. X-ray diffraction measurements reveal a 
semicrystallinity of PTiIT. 
An important feature of the developed polycondensation is that in contrast to Stille, 
Suzuki and direct arylation methods for preparation of polyisoindigos, polycondensation 
studied herein proceeds fast at room temperature. We believe that findings of this work are 
useful in a view of very promising performance of isoindigo-based polymers in solar cells and 
transistors, reported previously. 
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Summary & Conclusions 
The present thesis covers the three main topics: synthesis of NDI- and iI-copolymers; 
their characterization with the complex of physical and chemical methods and p-doping of 
PDPP copolymers with conventional dopants and our super strong dopant CN6-CP. Synthesis 
of CPs and their property investigation can be referred as ongoing work on the very broad 
field of «Synthetic Metals». Specifically, new polymers and their doping may be of particular 
interest for application as an active/auxiliary layers in basic electronic devices. Conjugated 
polymers provide crucial advanced properties: transparency or, vice versa, high extinction in a 
very thin layers, low weight, flexibility, adhering to many substrates etc. Such key properties 
as solution processability and good film forming characteristics are of particular importance 
on the way to cheap printing techniques which may become an alternative technology to 
vacuum deposition. 
The Second Chapter introduces State-of-the-Art in the field according to the research 
questions. The Concept of Conjugated Polymers represents conjugated structures as a 
fundamentally unique electronic configuration which provides exceptional optical and 
electrical properties. The short historical overview gives the understanding of the major 
milestones of CPs. Up-to-date, many reviews and hundreds of papers cover different aspects 
of CPs study. Electronic structure of CP is introduced which gives explanation of band gap 
formation in OSC and clarifies doping process as an electron transfer process from polymers 
HOMO to dopants LUMO or theirs hybridization to make new charge-transfer complex 
orbitals. Many works which investigate polymer structure/morphology/mobility relationship 
are referred. Morphological order in a microscale significantly determines semiconducting 
properties of polymer films. It is equally important to understand the effect of doping on the 
charge mobility. A precisely controlled doping at low degree may increase the charge carrier 
mobility. Among all molecular p-dopants, F4TCNQ, F6TCNNQ and few others are 
considered as the benchmark widely explored doping material. But their doping strength is 
insufficient to effectively dope DA polymers with low-lying HOMO. So, p-dopants with 
higher electron affinity are needed. A lot of issues have to be addressed and improved in the 
field of CP synthetic methods which allow obtaining conjugated homo- and copolymers. 
Unfortunately, there is no universal method for any CP synthesis. 
The Results and Discussion part III in its preview consider the rational design of 
conjugated polymer. According to the described principles and resuming State-of-the-Art, 
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donor-acceptor strategy of polymer framework building was chosen. Three DA benchmark 
polymers were selected to be the subject of the study. These are diketopyrrolopyrrole, 
naphthalenediimide- and isoindigo-based copolymers which include thiophene unit as a donor 
moiety. This chapter consists of three sections. 
1. The first section represents results related to the doping of DPP copolymers. PDPP(6-
DO)TT:F6TCNNQ blend film showed a conductivity more than 1 S/cm which is good and 
compared to well-studied P3HT:F4TCNQ system. Nevertheless, low charge carrier 
concentration in doped DPP films caused by insufficient doping strength of F6TCNNQ. 
Therefore, the strongest molecular dopant reported in the open literature CN6-CP was 
synthesized and studied. CN6-CP exhibits reduction potential +0.78 versus Fc/Fc
+
 which 
corresponds to the LUMO energy of -5.87 eV. It was demonstrated that mixing of 
otherwise insoluble CN6-CP with solutions of PDPP(6-DO)TT in chlorinated solvents 
leads to PDPP(6-DO)TT:CN6-CP complex. Absorption spectroscopy confirmed efficient 
electron transfer from PDPP(6-DO)TT to CN6-CP. AFM and GIWAX studies are 
consistent with the cocrystallization of the polymer and dopant. Due to the optimized 
polymer structure and a remarkably high doping strength of CN6-CP, PDPP(6-
DO)TT:CN6-CP films exhibit electrical conductivities up to 90 S cm
-1
, which is one of the 
highest reported conductivity for molecularly doped SC polymers soluble in organic 
solvents. Because of a relatively good thermal stability, CN6-CP can be processed by 
vacuum evaporation which makes it potentially suitable for the doping of small SC 
molecules by vacuum evaporation techniques. The superior electron affinity of CN6-CP 
significantly broadens the range of SCs that can be used in devices in the p-doped state. 
2. The second section represents the achievements in the synthesis and polymerization of Zn-
activated NDIT2 copolymer. Pd catalyst having bulky and electron-rich P
t
Bu3 ligand 
proved to be very efficient in polymerization. The process proceeds fast at mild conditions 
and does not involve toxic tin-based monomers. PNDIT2 with molecular weights 
~1 Mg/mol can be routinely obtained upon polymerization conducted at room temperature 
using rather low catalyst concentrations (<0.5 mol% relative to the monomer). Described 
polymerization follows via complex unusual CTP mechanism as a combination of chain-
growth and step-growth pathways, as determined by kinetic data and few controlled 
experiments. Morphological studies display uniform nanofibrous morphology for spin 
coated films. 
3. The third section represents the polymerization of isoindigo-based monomer and its 
copolymerization with NDIT2-monomer. The reaction of isoindigo-based dibromide Br-
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TiIT-Br with activated Zn leads to anion-radical species without insertion of Zn into C–
Br bonds similarly to the case of NDI-based dibromides. Thus-activated Br-TiITBr/Zn 
polymerizes in the presence of Pd/ P
t
Bu3 catalyst giving PTiIT with a relatively high 
molecular weight of 370 kg/mol. Isoindigo-based monomer polymerizes on the step-
growth manner. X-ray diﬀraction measurements reveal a semicrystallinity of PTiIT. 
Statistical copolymerization of isoindigo-based anion-radical monomers with 
corresponding naphtalenediimide-based monomers proceeds smoothly giving a library of 
copolymers composition and properties of which can be varied depending on ratio of the 
monomers. An important feature of the developed polycondensation is that in contrast to 
Stille, Suzuki and direct arylation methods for preparation of polyisoindigos, 
polycondensation studied herein proceeds fast at room temperature. 
We suggest that findings of this study are useful in a view of very promising 
performance of DPP-, isoindigo- and NDI-based polymers, particularly as the material for 
solar cells and organic transistors. 
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Outlook 
Herein, few DA conjugated polymers have been studied. The DA strategy has 
appeared to be the most promising for obtaining high-performance CPs. To date the highest 
FET mobilities and efficiencies for polymer solar cells are both obtained from DA 
copolymers. Controlled methods for preparation of DA CPs (e.g., KCTP or Suzuki chain-
growth polymerization) are developing fast. Nevertheless, controlled preparation of 
alternating donor-acceptor structures still is an issue in many cases. To date, step-growth 
polymerizations remain the most universal tool in the synthesis of a variety of CPs for the 
electronic applications. In order for controlled polymerizations to have a practical importance, 
their scope should be signiﬁcantly extended, so that a variety of donor and acceptor building 
blocks to be involved into controlled catalyst-transfer polymerizations. Considered in this 
thesis DPP, NDI and isoindigo-building blocks without any doubt are among the most 
promising «bricks». Here is an area for improvement for chemists in a greater mechanistic 
understanding of a chain-growth polymerization process. Future studies should focus on 
exploring alternative metals, ligands, additives, and transmetalating agents as well as more 
selective direct hetero-arylation methods. 
All aforementioned electron-poor units can serve as acceptor units for the designing 
DA polymers with appropriate donor units. Thiophene-containing electron-rich building 
blocks attract more research interest than purely carbon-based ones. Access to new structures 
will probably include the modification of already existing ones, for example, by attaching 
fluoro- or cyano-group to acceptors. It can also be predicted that the dual-acceptor polymers 
(similar to synthesized in this work NDI-isoindigo copolymer) will receive more attention 
owing to their potential in producing ambipolar or electron-transporting polymers, and as a 
possible replacement of fullerene acceptors in polymer solar cells. 
We have developed a method to obtain the p-dopant with very high electron affinity, 
however, it is poorly soluble. The next step here may be the introducing of solubilizing 
groups. This task can be achieved by replacing cyano groups on the CN6-CP framework with 
alkyl amide or ester groups. Such modified dopants may show slightly lower electron affinity 
than the parent molecule but still enough to be strong p-dopants for many electron-deficient 
polymers such as DPP-based ones. Besides, alkyl-modified dopants might have increased 
miscibility with the polymer (due to the homology of alkyl groups) and, therefore improved 
doping efficiency along with lower diffusivity in the polymer matrix. 
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Development of novel n-type and ambipolar semiconducting materials with high 
performances is still a critical focus in organic electronics. Studied here copolymers can be 
also referred to this type of material. The overall progress of n-type organic semiconductors 
and n-doping still lag behind p-type counterparts in terms of mobility, ambient stability, and 
so on. In this context, the study of n-doping of NDI- and isoindigo-copolymers is very 
promising and should be on the focus of the future research. 
There are many factors influencing the performance of electronic devices beyond the 
molecular structure of a conjugated polymer as the active component. Therefore, the 
achieving of the supramolecular order (especially important parameter for high mobility) 
together with the role of the interfaces should be carefully considered, especially upon 
doping. 
The study of CPs is a clearly multidisciplinary research field, so it requires the 
interaction between the synthetic chemists, physicists, device engineers, as well as 
theoreticians. As such, the challenges listed above we believe, must be solved in close 
collaborations.  
Conclusively, this work has provided an extensive contribution on the topic of the 
donor-acceptor CP synthesis, their properties and p-doping. Even though new synthetic routes 
have been proposed, an area for improvement still lies in controlled polymerization of the 
studied polymers and dopants. Considering the potential of the copolymers, future extensive 
investigations on this topic are of great importance for different specialists, including 
chemists, engineers and physicists. 
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Experimental Part 
4.1. General Methods and Instrumentation 
NMR spectra were recorded on a Bruker Avance III 500 spectrometer operating at 500.13 
MHz for 
1
H using a 5 mm 
1
H/
13
C/
19
F/
31
P gradient probe. The samples were measured in 
CDCl3, DMSO-d6 at ambient or in C2D2Cl4 at 120°C (for polymers). The spectra were 
referenced on the residual solvent peak. 
Mass spectra were recorded on Maldi TOF Autoflex speed LRF, Bruker Daltonik. Dithranol 
and 2,5-dihydrobenzoic acid (2,5-DHBA) were used as matrixes for polymers. 
GPC measurements were determined by gel permeation chromatography. For low 
temperature (40°C) Agilent 1260 Infinity system with two Resipore columns against 
polystyrene standards were used. Eluent was chloroform at 1 ml·min-1 flow rate and refractive 
index and Uv-vis detectors were used. Agilent 1100 Series (Agilent, USA) against 
polystyrene standards using a Polymer Laboratories PL-GPC 220 with two MIXED-B LS 
columns running with 1,2,4-trichlorobenzene as eluent at 150 °C and 1 ml·min-1 flow rate was 
used for high temperature analyses. Samples were dissolved over at least 7h at high 
temperature prior to the measurement. 
UV-Vis absorption spectroscopy. An analytic Jena Specord 210 plus at a scan rate of 20 nm·s-
1
 was used to record UV-Vis absorption spectra of thin polymer films prepared by drop 
casting on thin glass slides. 
UV-Vis-nearIR absorption spectroscopy. Cary 5000 UV-Vis-NIR (Agilent Technologies) at a 
scan rate of 20 nm·s-1 was used to record UV-Vis-NIR absorption spectra of solutions in 
quartz cuvette (pathlength 1 mm) or thin polymer films prepared by drop casting/ spin coating 
on glass. 
The atomic force microscope (AFM). The microscope (Bruker, Dimension Icon) was operated 
in tapping mode using silicon-SPM-sensors (BudgetSensors, Bulgaria) with spring constant of 
ca. 40 N/m and resonance frequency of ca 300 kHz. Thickness of the polymer layers was 
measured using a scratch test technique. 
Electron Scanning Microscopy (ESM). The Scanning Electron Microscope, Ultra 55, (NEON 
40 FIB-SEM) workstation (Carl Zeiss AG, Germany) was operated at 3 kV with InLens 
detector. 
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Thermogravimetric analyses were carried out on a TA Instruments Q500 with a heating rate 
of 10 K/min under a flow of nitrogen, using Pt crucibles and 10 mg of sample for each 
analysis. 
Differential Scanning Calorimetry. DSC was carried out with a DSC Q 1000 of TA 
Instruments in the temperature range of -60°C to 350°C under nitrogen atmosphere at a scan 
rate of 10 K/min. All samples were investigated in a heating-cooling-heating cycle. Glass 
transition temperature was determined using the half step method, melting peak maximum, 
extrapolated onset temperature and maximum of crystallization process were calculated as 
well as the corresponding transition enthalpies. 
X-ray Scattering (for DPP polymer). Grazing incidence wide-angle X-ray measurements 
(GIWAXS) of thick films (about 1 μm) were performed using a Bruker D8 Discover 
diffractometer operating at 1.6 kW. The diffractometer is equipped with a Cu Twist tube, Ni 
filter (λ = 1.5418 Å), Goebel mirror, and 0.3 mm PinHole collimator for the incident beam. 
The sample was mounted on an Eulerian Cradle with automatic controlled X–Y–Z stage. The 
GIWAXS patterns were recorded with a VÅNTEC-500 area detector using a sample-to-
detector distance of 105 mm and an incident angle of 0.5°. High resolution specular data were 
obtained using a 2-circle diffractometer (XRD 3003 T-T, Seifert-FPM) and a point detector. 
By employing a parabolic multilayer mirror, a highly parallel beam of a monochromatic Cu-
Kα radiation (λ = 1.5418 Å) was obtained.  
X-ray diffraction (for NDIT2). Two-dimensional transmission XRD measurements were 
performed using a Bruker D8 Discover diffractometer operating at 1.6 kW. The 
diffractometer is equipped with a Cu Twist tube, Ni filter (λ = 1.5418 Å), point focusing 
PolyCap™ system for parallel beam generation, and 0.3 mm PinHole collimator for the 
incident beam. Free standing films were investigated with the X-ray perpendicular to the 
films. The diffraction patterns were recorded with a VÅNTEC-500 area detector using a 
sample-to-detector distance of 155 mm.  
EPR spectroscopy. Continuous wave (CW) EPR spectra were recorded on an EMX-plus 
spectrometer (Bruker Biospin) operating at X-band, equipped with the high-sensitivity 
resonator ER 4119 HS-W1, and the variable temperature unit ER4141VT. Acquisition 
parameters were microwave power of 0.1 mW, modulation frequency of 100 kHz, modulation 
amplitude of 0.01 G, sweep width of 20 G, time constant of 10.24 ms, conversion time of 
40.96 ms, 16 scans, and 2048 data points. The temperature was controlled within ±1 K. The 
liquid samples were loaded into glass capillaries (100 µL) which were flame-sealed and put 
into quartz tubes with inner diameter i.d.=3 mm.  
Electrical measurements. Electrical conductivity of the doped films was measured by a 
standard method, using a commercially available Loresta-GP MCP-T610 device (Mitsubishi 
Chemical Analytech) with standard ESP 4-pin in a line probe (measuring range 10
-3–107 
Ω/sq). The distance between the current electrodes is 15 mm and between the potential 
electrodes is 5 mm. At least 6 measurements of square resistivity (ρs) were performed for each 
sample in different positions on the film surface. Conductivity σ was calculated as σ = 1/ρs ∙ t, 
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where t is the film thickness in cm. To perform measurements of ρs >107 Ω/sq for the 
undoped polymer, a Hiresta-UP MCP-HT450 device with URS standard probe was used. 
Bottom-contact devices. Highly doped silicon wafers with 300 nm SiO2 were used as 
substrates. For the electrodes 2 nm Cr and 50 nm Au were thermally evaporated through a 
shadow mask at a vacuum of ~10
-7
 mbar. The electrodes have a width of 4.5 mm and 11 mm 
and the distance between two electrodes is 200 and 300 µm, respectively (see SI, Figure S9). 
For the current-voltage (IV) measurement a manual probe station (Cascade Microtech GmbH) 
and a Keysight B1500A Semiconductor Device Parameter Analyzer were used. IV-sweeps for 
voltages of 0 – 10 V were performed for each substrate with the different molar doping ratios 
(3 sweeps for 300 µm distance and 3 sweeps for 200 µm distance). The linear current-voltage 
dependencies were extracted and the resistance of each sample was calculated due to the 
Ohm’s law  
𝑅 =
𝑉
𝐼
. 
For low conductivity samples (resistance over 10
7
 Ohm) IV curves did not correspond to 
Ohm’s law and these samples were not considered. From the resistance the conductivity of 
the film was calculated based on Pouillet's law 
𝜎 =
1
𝜌
=
𝑙
𝑅𝐴
=
𝑙
𝑅𝑡𝑤
 
where ρ is the resistivity, l the distance between two electrodes, t is the thickness of the doped 
film, and w is the width of the electrodes. The exact distances between two electrodes were 
measured for every sample with optical microscopy. 
 
Picture of the bottom contact substrate with deposited 
gold contacts and spin coated polymer film on it (top 
view). 300 µm distance between contacts on the right 
side of the picture and 200 µm on the top-left. 
 
Distances between electrodes (Channel Length) were measured for every sample with optical 
microscopy. Width of the electrodes were 11 and 4.5 mm for two patterns, respectively. 
Thin-Film Transistors (for NDIT2 polymer). The top-gate, bottom-contact OTFT devices were 
fabricated on glass substrates (Precision Glass & Optics, Eagle 2000). The gold source and 
drain electrodes (~35 nm) were deposited by thermal evaporation using a shadow mask (L = 
50µm, W = 500 µm). The polymer was dissolved in the solvent at concentrations as indicated 
in Table 1. The solutions were stirred on a 50 C hotplate for 2 hours in nitrogen filled glove 
box before use, next spin coated at 2000 RPM for 60 s in the glove box, followed by 1 hour 
annealing on a 110 C hotplate. PMMA dielectric (70 mg/ml in butyl acetate) was spun 
coated and then annealed at 110 C for 30 min in the glove box as well. The substrates were 
cooled down to room temperature before being taken out of glove box for depositing 35 nm 
gold as the gate electrode. The measured capacitance of the PMMA dielectric layer is 4.0 
nF/cm2. The finished devices were tested in ambient conditions. 
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Infrared spectroscopy. To characterize structural changes in polymer based conductive 
nanolayers under consideration ATR (attenuated total reflection)-FTIR (Fourier Transform 
infrared) spectroscopy was used. Conventional single ATR mode is known to be useful for 
both micro- and sub-microscales down to several hundred nm using Ge as an ATR-crystal. In 
the case of thinner films multiple ATR is recommended. In this work to obtain the ATR-
spectra on scales around 50 nm advanced multiple ATR approach was utilized to increase 
device sensitivity and to break the sample thickness limit. Polymer-dopant compositions as 
well initial components were deposited onto Float-Zone Si-Wafer functioning both as a film 
substrate and as the ATR-crystal. The ATR-spectra were acquired using evacuated FTIR-
spectrometer Vertex80v (Bruker) equipped with both ATR-Si-Wafer 40 mm unit (Bruker) 
and mercury cadmium telluride detector (InfraRed Associates). The total number of 
reflections was 46. The spectroscopic range was restricted to nitrile band region 2250-2050 
cm
-1
 with 2 cm
-1
 spectral resolution. 300 scans were co-added to every spectrum. To compare 
the results properly spectral base line was corrected as well as spectra were normalized to a 
band of stretching vibration of nitrile group around 2190 cm
-1
 acting as an internal reference. 
DFT calculations. We performed density functional theory (DFT) calculations as 
implemented in SCM ADF 1.3
278
, using the B3LYP
279
 and the PBE
280
 functionals and a 
double zeta basis set in order to determine the HOMO and LUMO energies of the model 
compounds and to calculate the charge transfer (CT) as well as the interaction energy of 
DPP(Me)TT and F6TCNNQ for various stacking configurations. In this work, the conjugated 
fragments were modeled by substituting methyl side groups for the C30-alkyl chains. 
Furthermore, finite fragments of PDPP(Me)TT rather than full polymer chains were 
considered because the computation of whole chains requires too large computing efforts. 
These simplifications should not strongly affect the calculation results because the charge 
transfer is a local effect which is not affected by those parts of the chain, which are several 
units distant from the stacking region. However, to ensure a correct modelling of the influence 
of the adjacent units, two PDPP(Me)TT fragments were modeled: the one having DPP as the 
middle group which is surrounded by two TT units and the other one having the TT unit 
surrounded by two DPP units. 
Working procedure. First, we considered the isolated model compounds. In order to obtain the 
HOMO and LUMO energies we optimized the molecular structures using the hybrid B3LYP 
functional and a DZP basis. This version of DFT is well accepted for giving HOMO-LUMO 
gaps with better accuracy than standard GGA functionals
281
.
 
Second, we performed calculations of CT complexes by considering π-π stacks. For this, we 
utilized the PBE functional since the derived quantities are not affected by the unoccupied 
states. For cases, where we calculated both, B3LYP and PBE functionals, the CT obtained by 
PBE is 0.1 up to 0.2 e greater than for B3LYP. Qualitatively, however, they are in good 
agreement. 
For considering dispersion interaction, the Grimme dispersion correction
282
 has been used. 
At first, the dopant molecule was placed on top of the DPP-TT model at a distance of 3 Å and 
then systematically rotated around the stacking axis or shifted along the polymer backbone, 
respectively. For each of those stacks single point calculations have been performed to 
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evaluate the total energy as well as the charge transfer. For the latter one, we considered the 
Mulliken
226
, Hirshfeld
227
 as well as the Voronoi
228
 approaches to calculate the atomic charges. 
Vibrational spectra computations. The full geometry optimizations and the corresponding 
harmonic vibrational frequency computations of isolated neutral F6TCNNQ and the isolated 
F6TCNNQ
·
 anion radical and CT complexes were carried out using the DFT method with 
B3LYP functional and 6-31G(d) basis set as implemented in Gaussian 09
283
. The calculated 
harmonic vibrational frequencies and intensities were scaled by a factor of 0.9614
284,285
. The 
electrostatic potentials with an isovalue of electron density of 0.02 a.u. were calculated using 
Merz-Singh-Kollman procedure
286
.
 
 
4.2. Synthesis 
4.2.1. Synthesis of diketopyrrolopyrrole copolymer. 
All chemicals and solvents were purchased from Aldrich and used as received. 
13-(5-Bromopentyl)pentacosan-13-ol 
 
A flask containing protective atmosphere was charged with 3.19 g (14.3 mmol, 1.0 eq.) ethyl 
6-bromohexanoic acid dissolved in 30 ml anhydrous diethyl ether. At 0 °C 30 ml (30.0 mmol, 
2.1 eq) dodecylmagnesium bromide solution (1.0 M in diethyl ether) was added over 60 min. 
Afterwards the mixture was stirred for 1 h at 0 °C and 2 h at room temperature before water 
and aqueous saturated NH4Cl solution were added. The organic phase was washed with water 
and brine, dried over MgSO4 and concentrated under reduced pressure. The product was 
purified by column chromatography (SiO2//hexane to 20 % diethyl ether/hexane) and 
obtained as colorless oil (6.30 g, 84 %). MALDI-TOF-MS: [M]
+
: 516.0 (th. [M]
+
: 516.39). 
1
H-NMR (CDCl3, 500 MHz) δ [ppm] = 3.41 (t, 2 H, 
3
J1/2 = 6.8 Hz), 1.88 (m, 2 H), 1.51 - 1.36 
(m, 8 H), 1.36 - 1.19 (m, 42 H), 1.08 (br. s, 1 H), 0.88 (t, 6 H). 13C-NMR (CDCl3, 125 MHz) δ 
[ppm] = 74.29, 39.26, 39.09, 33.70, 32.78, 31.90, 30.26, 29.66 - 29.33, 28.80, 23.47, 22.66, 
22.64, 14.06. 
13-(5-Bromopentyl)pentacosane 
 
Under nitrogen atmosphere 0.50 g (0.97 mmol, 1.0 eq.) 13-(5-Bromopentyl)pentacosan-13-ol 
were dissolved in 5 ml anhydrous 1,2-dichloroethane and reduced with 11 mg (0.05 mmol, 
0.05 eq.) anhydrous indium(III) chloride and 0.24 g (0.97 mmol, 1.0 eq.) chlorodiphenylsilane 
at 80 °C for 4 h. After cooling the mixture was diluted with water and diethyl ether, the 
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organic phase was washed with water and brine, dried over MgSO4 and concentrated under 
reduced pressure and adsorbed onto silica gel. The product was eluted trough a siliga gel plug 
with hexane and obtained as colorless oil (0.39 g, 81 %). GC/MS: [M-C12H25]
+
: 331.1 (th. [M-
C12H25]
+
: 331.20). 
1
H-NMR (CDCl3, 500 MHz) δ [ppm] = 3.41 (t, 2 H, 
3
J1/2 = 6.9 Hz), 1.88 (q, 
2 H, 3J2/3 = 7.4 Hz), 1.41 (q, 2 H, 
3
J2/3 = 7.4 Hz), 1.36 - 1.04 (m, 49 H), 0.89 (t, 6 H). 
13
C-NMR 
(CDCl3, 125 MHz) δ [ppm] = 37.35, 33.95, 33.67, 33.53, 32.91, 31.93, 30.13, 29.71 - 29.36, 
28.68, 26.70, 25.91, 22.69, 14.10. 
3,6-Di(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 
 
A flask with return condenser and protective atmosphere was charged with 60 ml (0.55 mol, 
13.7 eq.) anhydrous 2-mehyl-2-butanol, 40 mg (0.25 mmol, 0.01 eq.) anhydrous iron(III) 
chloride and 3.45 g (0.15 mol, 3.8 eq.) sodium pieces which were then stirred for 60 min at 
90 °C. After complete consumption of the solid sodium 10.93 g (0.10 mol, 2.5 eq.) 2-
thiophenecarbonitrile were added whereupon 5.84 g (0.04 mol, 1.0 eq.) dimethyl succinate in 
5 ml 2-methyl-2-butanol were added dropwise over 60 min. After 2 h at 90 °C the mixture 
was cooled to 50 °C, diluted with 50 ml methanol and slowly acidified with 15 ml glacial 
acetic acid. After 5 min refluxing the mixture was poured into 500 ml ice water, the brick-red 
solids collected by filtration, thoroughly washed with water and warm methanol and dried in 
vacuum at 50 °C (7.21 g, 60 %). 1H-NMR (DMSO-d6, 500 MHz) δ [ppm] = 11.21 (s, 2 H), 
8.21 (dd, 2 H, 3J = 3.7 Hz, 4J = 1.1 Hz), 7.95 (dd, 2 H, 3J = 5.0 Hz, 4J = 1.1 Hz), 7.30 (dd, 2 H, 
3
J = 5.0 Hz, 3J = 3.7 Hz). 13C-NMR (DMSO-d6, 125 MHz) δ [ppm] = 161.67, 136.20, 132.67, 
131.31, 130.85, 128.74, 108.61. 
2,5-Bis(6-dodecyloctadecyl)-3,6-di(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione 
 
A solution of 2.05 g (6.82 mmol, 1.0 eq.) 3,6-di(thiophene-2-yl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione, 0.09 g (0.34 mmol, 0.05 eq.) 18-crown-6 and 3.30 g (23.87 mmol, 3.5 eq.) 
potassium carbonate in 50 ml anhydrous DMF was stirred 1 h at 125 °C. Afterwards 7.53 g 
(15.01 mmol, 2.2 eq.) 13-(5-bromopentyl)pentacosane was added dropwise over 1 h. After 
20 h at 125 °C the mixture was cooled down and quenched with aqueous saturated NH4Cl 
solution, DMF was removed under reduced pressure, the residue was dissolved in chloroform, 
washed with water and brine, dried over MgSO4 and concentrated under reduced pressure. 
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The raw product was purified by column chromatography (SiO2//hexane to 8 % diethyl 
ether/hexane) and the product isolated as dark red solid (4.94 g, 63 %). MALDI-TOF-MS: 
[M]
+
: 1140.9 (th. [M]
+
: 1140.94). 
1
H-NMR (CDCl3, 500 MHz) δ [ppm] = 8.93 (dd, 2 H, 
3
J = 3.9 Hz, 4J = 1.0 Hz), 7.63 (dd, 2 H,3J = 5.2 Hz, 4J = 1.0 Hz), 7.28 (dd, 2 H,3J = 5.2 Hz, 
3
J = 3.9 Hz), 4.07 (m, 4 H), 1.75 (m, 4 H), 1.40 (m, 4 H), 1.35 - 1.08 (m, 98 H), 0.88 (m, 12 H). 
13
C-NMR (CDCl3, 125 MHz) δ [ppm] = 161.38, 140.02, 135.24, 130.58, 129.83, 128.59, 
107.75, 42.29, 37.40, 33.67, 33.63, 31.92, 30.02, 30.16 - 29,35, 27.40, 26.71, 26.41, 22.68, 
14.09. 
3,6-Bis(5-bromothiophene-2-yl)-2,5-bis(2-dodecyloctadecyl)pyrrolo[3,4-c]pyrrole-
1,4(2H,5H)-dione 
 
To 3.61 g (3.16 mmol, 1.0 eq.) 2,5-bis(6-dodecyloctadecyl)-3,6-di(thiophene-2-
yl)pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione in 210 ml chloroform was added 1.18 g 
(6.64 mmol, 2.1 eq.) N-bromosuccinimide in one portion and stirred for 16 h at room 
temperature protected from light. Afterwards the mixture was diluted with water, the organic 
phase washed with water and brine, dried over MgSO4 and via column chromatography 
(SiO2// 2 % to 10 % diethyl ether/hexane) the product was isolated as dark purple solid 
(3.82 g, 93 %). MALDI-TOF-MS: [M]
+
: 1296.7 (th. [M]
+
: 1296.76).
1
H-NMR (CDCl3, 
500 MHz) δ [ppm] = 8.68 (d, 2 H, 3J = 4.2 Hz), 7.23 (d, 2 H, 3J = 4.2 Hz), 3.98 (m, 4 H), 1.72 
(m, 4 H), 1.39 (m, 4 H), 1.35 - 1.08 (m, 98 H), 0.88 (m, 12 H). 13C-NMR (CDCl3, 125 MHz)  
δ [ppm] = 161.00, 138.96, 135.35, 131.62, 131.15, 119.10, 107.82, 42.34, 37.40, 33.67, 33.63, 
31.93, 30.04, 30.16 - 29.36, 27.35, 26.72, 26.37, 22.69, 14.10. 
Stille polycondensation procedure for PDPP(6-DO)2TT. 
 
A schlenk tube with nitrogen atmosphere was charged with 520 mg (0.40 mmol, 1.0 eq.) of 
the DPP monomer, 186 mg (0.40 mmol, 1.0 eq.) 2,5-bis(trimethylstannyl)-thieno[3,2-
b]thiophene, 7.3 mg (8 µmol, 0.02 eq.) tris(dibenzylideneacetone)dipalladium(0), 9.7 mg 
(32 µmol, 0.08 eq.) tri(o-tolyl)phosphine and 40 ml degassed, anhydrous chlorobenzene. The 
Chapter IV. Experimental part. Synthesis. 
Page 132 
solution was placed into a preheated oil bath and stirred 30 min at 130 °C. Afterwards 6.5 ml 
HCl/MeOH (0.5:6) were added and the mixture stirred overnight to cool down. The solution 
was diluted with chloroform and washed with sodium N,N-diethyl dithiocarbamate solution 
(1 g in 100 ml water) for 2 h at 60 °C. The organic phase was separated, washed with water, 
concentrated under reduced pressure and precipitated into methanol. The solids were collected 
and purified via soxhlet extraction with methanol, acetone, hexane and dichloromethane. 
Chloroform was used to extract the final fraction which was precipitated into methanol. After 
filtration and drying under reduced pressure at 40 °C the polymer was obtained as dark solid 
(478 mg, 93 %). 
1
H-NMR (C2D2Cl4, 393 K, 500 MHz) δ [ppm] = 9.03 (br. s.), 7.03 (br. s.), 
4.12 (br. s.), 2.01 – 1.10 (br. s.), 0.94 (br. s.). GPC: Mn = 31.1 kg/mol, Mw = 248.0 kg/mol, 
Ɖ = 7.97. 
4.2.2. Synthesis of electron-conducting polymer (PNDIT2)  
Synthesis of PNDIT2 was reported previously
243
. P-72 (Activeink N2200) was purchased 
from Polyera Inc., USA.  
Synthesis of 2,6-bis(2-thienyl)naphthalen-1,4,5,8-tetracarboxylic-N,N’-bis(2-octyldodecyl)-
diimide (TNDIT) 
 
In a two-neck reactor filled with Ar, NDI-Br2 (900 mg, 1.015 mmol), palladium(II)-acetat 
(8,2 mg, 36.5 μmol, 0,04 eq), dppf (30,4 mg, 54,8 μmol, 0.06 eq), CsF (554.4 mg, 3.65 mmol, 
4 eq) were dissolved in 40 ml THF. A solution of thiophen-2-boronic acid pinacolester 
(671.9 mg, 3.2 mmol, 3.5 eq) in 20 ml THF was added dropwise for 45 min. Within this time, 
the color of reaction mixture turns from yellow to braun-red. The reaction mixture was stirred 
66 hours at room temperature and quenched with water (30 ml). The reaction mixture was 
extracted with 100 ml of chloroform and organic phase was dried under magnesium sulfate. 
The solvent was removed under vacuum and the reaction mixture was purified by column 
chromatography on silica gel (eluent 2 – 10% diethylether in hexan). The product was 
obtained as brawn-red powder. Yield – 245.9 mg. 1H-NMR, δ (ppm) : 0,85 und 0,86 (2 t, 3J 
7,6 Hz, 12 H, 8, 9), 1,16 – 1,42 (br, 64 H, 7, 7‘), 1,95 (m, 2H, 6), 4,07 (d, 3J 6,9 Hz, 4H, 5), 
7,19 (dd, 
3
J 5 Hz, 
4
J 3,8 Hz, 2H, 3), 7,3 (dd, 
3
J 3,8 Hz, 
4
J 1,3 Hz, 2H, 2), 7,56 (dd, 
3
J 5 Hz, 
4
J 
1,3 Hz, 2H, 4), 8,76 (s, 2H, 1). 
4.2.3. Synthesis of polyisoIndigo 
All chemicals and solvents were purchased from Aldrich and TCI and used as received. 
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6,6-Dibromoisoindigo was prepared according to the literature methods
1
. 
Synthesis of (E)-6,6'-dibromo-1,1'-bis(2-octyldodecyl)-[3,3'-biindolinylidene]-2,2'-dione (1) 
 
1-Iodo-2-octyldodecane (5.10 g, 12.5 mmol) was added to a suspension of 6,6'-
dibromoisoindigo (2.10 g, 5 mmol) and potassium carbonate (6.90 g, 50 mmol) in 
dimethylformamide (DMF) (100 mL). The mixture was heated to 100 °C for 24 h. After 
cooling to room temperature, the mixture was transferred to a separatory funnel, extracted 
with diethyl ether and then washed with water. The ether phase was dried over MgSO4. 
Removal of the solvent gave a crude product, which was purified by silica-gel column 
chromatography using a mixture of hexane:dichloromethane (1:1) as eluent to obtain 
compound 1 (4.06 g, 83%). 1H NMR and 13C NMR spectra correspond to described. 
(E)-1,1'-bis(2-octyldodecyl)-6,6'-di(thiophen-2-yl)-[3,3'-biindolinylidene]-2,2'-dione (TiIT) 
(2) 
 
To the solution of compound 1 (4.9 g, 5 mmol) and tributyl(thiophen-2-yl)stannane (4.67 g, 
12.5 mmol) in anhydrous tetrahydrofuran (THF, 50 mL) bubbled with nitrogen, 
tris(dibenzylideneacetone)dipalladium(0) (Pd2(dba)3) (15 mg) and tri(o-tolyl)phosphine (P(o-
tol)3) (30 mg) were added in one portion. The solution was bubbled with nitrogen for another 
20 min. The mixture was stirred overnight at 80 °C under nitrogen. Then the mixture was 
cooled to room temperature and poured into water. The organic phase was extracted by 
diethyl ether, and then washed with water, dried over MgSO4. After the removal of the 
solvent under reduced pressure, the solids were purified by silica-gel chromatography with 
dichloromethane: hexane = 1:2 as the eluent to afford the compound TiIT (3.75 g, 76 %). 
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1
H NMR (CDCl3, δ): 9.19 (d, 2H; 9), 7.42 (dd, 2H; 3), 7.35 (d, 2H; 1); 7.31 (dd, 2H; 10), 7.12 
(dd, 2H; 2), 7.00 (d, 2H; 6), 3.71 (d, 4H; 13), 1.95 (m, 2H; 14), 1.45-1.3 (16H; 16, 16’, 19, 
19’), 1.3-1.15 (48H; 16-18, 16’-18’), 0.86 (12H; 20, 20’). 3J are not given. 
13
C NMR (CDCl3, δ): 168.6 (11), 145.7 (7), 144.2 (4), 137.7 (5), 131.9 (12), 130.3 (9), 128.3 
(2), 126.0 (1), 124.1 (3), 121.1 (8), 119.2 (10), 105.0 (6), 44.5 (13), 36.4 (14), 31.9 (18, 18’), 
31.8 (15, 15’), 30.0 – 29.3 (17, 17’), 26.6 (16, 16’), 22.7 (19, 19’), 14.1 ppm (20, 20’). 
Image of 
1
H and 
13
C NMR spectra can be found in Appendix A41, A42. 
(E)-6,6'-bis(5-bromothiophen-2-yl)-1,1'-bis(2-octyldodecyl)-[3,3'-biindolinylidene]-2,2'-dione 
(Br-TiIT-Br) (3) 
 
To the solution of the compound 2 (TiIT) (4.94 g, 5 mmol) in chloroform (30 mL), N-
bromosuccinimide (NBS) (1.96 g, 11 mmol) was added in several portions in 2 h at room 
temperature. After the addition of NBS, the mixture was stirred for another 2 h, and then 
poured into water. The organic phase was extracted by diethyl ether, washed by water, dried 
over MgSO4. After the purification by silica gel chromatography with 
hexane:dichloromethane = 2:1 as the eluent, compound Br-TiIT-Br was obtained (5.27 g, 
92%). 
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N O
R
NO
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SBr
S Br4
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R = CH2 CH
CH2 CH2 (CH2)5 CH2 CH2 CH3
CH2 CH2 (CH2)3 CH2 CH2 CH3
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1
H NMR (CDCl3, δ): 9.18 (d, 2H; 9), 7.19 (dd, 2H; 10), 7.14 (d, 2H; 3), 7.06 (d, 2H; 2), 6.86 
(d, 2H; 6), 3.69 (d, 4H; 13), 1.91 (m, 2H; 14), 1.45-1.3 (16H; 16, 16’, 19, 19’), 1.3-1.15 (48H; 
16-18, 16’-18’), 0.86 (12H; 20, 20’). 
13
C NMR (CDCl3, δ): 168.4 (11), 145.7 (7), 145.5 (4), 136.7 (5), 131.9 (12), 131.1 (2), 130.4 
(9), 124.2 (3), 121.3 (8), 118.7 (10), 113.0 (1), 104.5 (6), 44.4 (13), 36.3 (14), 31.9 (18, 18’), 
31.8 (15, 15’), 30.0 – 29.3 (17, 17’), 26.6 (16, 16’), 22.7 (19, 19’), 14.1 ppm (20, 20’). 
Image of 
1
H and 
13
C NMR spectra can be found in Appendix A43, A44. 
Polymerization. All operations were done in glovebox under inert gas atmosphere. The 
activated monomer was prepared as follows: 3 (300 mg, 0.262 mmol) was placed in a flask 
equipped with a magnetic stirrer and a septum. Dry THF (30 ml) and active Zn (2.62 mmol) 
were added and the mixture was stirred for 1h. Afterwards, mixture was filtrated through  
0.2 µm PTFE filter and Pd catalyst (1 mg, 0.01 mol%) (1 equivalent of Pd(CH3CN)2Cl2 and 1 
equivalent of PtBu3) in 1 ml THF was added rapidly. The reaction mixture was quenched with 
methanol and extracted with CHCl3. Organic layer was washed with water, dried over 
anhydrous MgSO4, evaporated under reduced pressure to give the crude polymer. 
 
4.2.3. Synthesis of Dopants 
 
Scheme 1. Modified synthesis of CN6-CP. 
Synthesis of disodium 2,2',2''-(cyclopropane-1,2,3-triylidene)trimalononitrile dianione (2). 
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Solution of malonodinitrile 5.57 g (84.3 mmol) in 10 ml dry dimethoxyethane was slowly 
added to suspension of 4 g (168 mmol) sodium hydride in 10 ml dry dimethoxyethane under 
an argon atmosphere, at temperature 0°C. The mixture was stirred for 1h and then 
tetrachlorocyclopropene (1) 5.24 g (29.5 mmol) was added drop by drop to the reaction 
vessel. After 2 h stirring fine solid was filtrated, washed with water and diethyl ether. Yellow 
powder was dried overnight in vacuum oven at 60 °C. Yield 82%. 13C NMR, δ: 124.62 (C-
ring), 121.07 (CN), 24.87 (methylene). 
Synthesis of potassium 2,2',2''-(cyclopropane-1,2,3-triylidene)trimalononitrile anione-radical 
(3). 
0.74 g (2.74 mmol) of potassium persulfate was dissolved in 40 ml of water in a beaker. 0.5 g 
(1.82 mmol) of (2) was added by several small portions. Solution color immediately changed 
into deep blue-purple. After 2h stirring solid was filtrated through fine-porous glass filter and 
deep-purple crystals were obtained. Solid was washed with water and dried overnight in 
vacuum oven at 60 °C. Yield 91%. Compound gave no signal in NMR experiments due to the 
radical nature. MALDI TOF, m/z: 228 [M
-
], 266, 267 [M+K
+
], 202 [M
-
-CN]. 
Synthesis of tetrabutylammonium 2,2',2''-(cyclopropane-1,2,3-triylidene)trimalononitrile 
anione-radical (4). 
0.30 g (1.09 mmol) of potassium persulfate was dissolved in 25 ml of water in a beaker. 0.2 g 
(0.73 mmol) of (2) was added by several small portions. Solution color immediately changed 
into deep blue-purple. After 10 min stirring 0.213 g (0.77 mmol) of tetrabutylammonium 
chloride was added and after 30 min stirring black solid was filtrated through fine-porous 
glass filter. Deep-purple solid was washed with water and dried overnight in vacuum oven at 
60 °C. Yield 52%. 13C NMR, δ: 57.68, 23.08, 19.09, 13.29. 1H NMR, δ: 3.16 m (2H), 1.58 m 
(2H), 1.34 m (2H), 0.96 m (3H). MALDI TOF, m/z: 228 [M
-
], 202 [M
-
-CN], 242.43 
[N
+
(CH2)3CH3].  
Synthesis 2,2',2''-(cyclopropane-1,2,3-triylidene)trimalononitrile. 
All operations described further was done in glovebox under argon atmosphere.  0.103 g (0.39 
mmol) of NOSbF6 was dissolved in a mixture of 2 ml dry acetonitrile and 1 ml trifluoroacetic 
acid. 0.096 g (0.36 mmol) of (3) was added by small portions into solution (foaming!). Color 
of the mixture has changed into dark-greenish. After 3h stirring solid was slowly filtrated, 
washed with trifluoroacetic acid 2x0.5 ml, dried overnight in vacuum chamber. Yield 51%. 
Compound gave no signal in NMR experiments due to the fast reaction with solvents and 
forming species of radical nature. ESI-TOF, m/z: 228 [M
-
], 202 [M
-
-CN]. 
4.3. Cyclic voltammetry measurements 
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Cyclic voltammetry. Cyclic voltammetry (CV) measurements were performed under nitrogen 
atmosphere in a freshly prepared anhydrous and deoxygenated solution of tetra-n-
butylammonium hexafluorophosphate in acetonitrile (0.1 M) containing small amounts of the 
analytes. The three-electrode setup consisted of a platinum disc working electrode and 
platinum wires as counter electrode and pseudo-reference electrode. The voltammograms 
were recorded at a scan rate of 50 mV·s-1 and referenced to the half-wave potential of the 
added internal standard ferrocene, adjusted here to 0.00 V. From the formal potential of the 
ferrocene redox couple E
0’
(Fc/Fc
+
) ≈ E1/2(Fc/Fc
+
) = 0.40 V vs. SCE
287 
(saturated calomel 
electrode) and the conversion constant SCE to NHE +0.25 V
288
 (normal hydrogen electrode) 
follows E
0’
(Fc/Fc
+
) = 0.65 V vs. NHE. The transfer to the Fermi energy was based on 
Trasatti’s report289 about -4.44 eV being equivalent to 0.0 V vs. NHE which results in 
E(Fc/Fc+) = -5.09 eV and, consequently for our procedure, in the equation for calculating 
LUMO energies of the dopants showing electrochemical reversible redox steps and HOMO 
energies of the polymers without a reversible electrochemical redox behavior
290
. 
For dopants:  ELUMO = –(5.09 + E1/2,red vs. Fc/Fc+)[eV] 
For polymers:  EHOMO = –(5.09 + Eonset,ox vs. Fc/Fc+)[eV] 
Electrochemical characterization. Different methods, such as CV, PYS, UPS, PESA etc., can 
be used for determination of HOMO and LUMO energies and these mesurements frequently 
give very different values. To bypass this problem and avoid any uncertainties, in this work 
we investigated the energy levels by using the same method, CV. Electrochemical properties 
of the dopant molecules HAT-CN6, F4TCNQ, F6TCNNQ and CN6-CP in solution state as 
well as of PDPP(6-DO)2TT in thin film state were investigated by cyclic voltammetry (CV) in 
acetonitrile with n-Bu4NPF6 as electrolyte. By recording voltammograms of the single 
analytes and as mixture with ferrocene as internal standard all voltammograms could be 
referenced to the formal potential of the ferrocene redox couple Fc/Fc
+
. The energies of the 
lowest unoccupied molecular orbitals (LUMOs) and highest occupied molecular orbital 
(HOMO) were estimated from the reduction and oxidation potentials transferred to the Fermi 
energy scale (see experimental section). 
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The recorded cyclic voltammogram of PDPP(6-DO)2TT as thin film (Figure E2) presents an 
irreversible oxidation processes. By using the onset oxidation value the HOMO energy was 
estimated to be -5.49 eV (see Table E3). Thus, an efficient doping is only enabled with 
dopants providing LUMO energies below this value. 
Various research groups applied HAT-CN6 in optoelectronic devices and investigated the 
localization of the LUMO energy level by different methods, like ultraviolet photoelectron 
spectroscopy (UPS) of thin films on Au substrates
287
 or photoelectron yield spectroscopy and 
UV-Vis spectroscopy (PYS)
289
. Nevertheless, the reported values are not consistent, but 
varying significantly between 4.4 – 4.8 eV289,290 and 5.6 – 6.1 eV287,288. Our cyclic 
voltammetry measurements show an electrochemically reversible one-electron redox step 
from the neutral HAT-CN6 to the radical anion and vice versa. Based on the half-wave 
potential the LUMO energy was determined to be -4.58 eV confirming the reports by Chiba
289
 
and Chen
290
. A second redox step to the dianion was electrochemically irreversible and about 
0.3 eV shifted. Thereby, our observations are also in good agreement with the original paper 
by Kanakarajan
291
 introducing the synthesis of HAT-CN6. 
As reported by Li
71
 and Koech
72
, F4TCNQ and F6TCNNQ show two reversible one-electron 
redox steps. Using the half-wave potentials LUMO1/LUMO2 energies were calculated to be -
5.28 eV/-4.74 eV for F4TCNQ, and -5.34 eV/-4.96 eV for F6TCNNQ. The determined 
LUMO levels are thereby in a good agreement with published values for F4TCNQ (from CV: 
-5.23 eV
71
, -5.35 eV
72
, -5.33 eV
133
 as well as ultraviolet photoelectron spectroscopy UPS: -
5.24 eV
292
) and for F6TCNNQ (from CV: -5.37
72
). Furthermore, our measurements also 
confirm theoretical studies predicting a 60 mV deeper LUMO1 for F6TCNNQ compared with 
F4TCNQ
72
. 
The hexacyano-trimethylene-cyclopropane based compounds CN6-CP/Na2, CN6-CP/K and 
CN6-CP/TBA undergo also two electrochemical reversible one-electron redox steps 
(difference in peak potentials close to 59 mV and ratio of oxidation and reduction current 
about 1) and are consistent with each other in their electrochemical behavior within the 
applied potential range (see Figure E1, Table E3). For this reason, the present cationic species 
do not affect the electrochemical behavior of CN6-CP anions to a significant extend. In 
contrast to HAT-CN6, F4TCNQ and F6TCNNQ after the addition of ferrocene not all three 
signals appear in the voltammograms, but only two what is simply caused by an overlap of 
the ferrocene signal with the redox step 2 of CN6-CP where the oxidation of CN6-CP
2-
 occurs 
or the reduction of the CN6-CP radical anion takes place, respectively. Based on the measured 
half-wave potentials LUMO energy levels of -5.88 eV and -5.09 eV were estimated for CN6-
CP.  
A visual comparison is given on Figures R14, R15 of the main text and Figure E2 by 
compiling voltammograms and LUMO1/HOMO levels into one respective diagram. Thus, 
compared to the HOMO energy of PDPP(6-DO)2TT only CN6-CP offers a deeper LUMO 
level (∆E = -0.39 eV) allowing an efficient doping process, whereas LUMOs of HAT-CN6 
(∆E = +0.91 eV), F4TCNQ (∆E = +0.21 eV) and F6TCNNQ (∆E = +0.15 eV) are partly 
significantly higher. For this reason, CN6-CP can be used as a p-dopant where HAT-CN6, 
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F4TCNQ and F6TCNNQ are not suitable for doping PDPP(6-DO)2TT. Additionally, CN6-CP 
offers a much higher driving force for an efficient p-type doping process with other 
donor/host materials already dopable by F4TCNQ and F6TCNNQ possibly allowing an 
improvement of the achieved properties. In conclusion, we highly suspect with regard to our 
investigations that CN6-CP is the most efficient dopant for similar p-type semiconducting 
polymers known so far. 
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Figure E1. Comparison of cyclic voltammograms of single dopants before and after addition 
of ferrocene referred to E1/2(Fc/Fc+) = 0.0V. 
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Figure E2. Cyclic voltammograms of dopants (in solution) and polymer (as thin film) referenced to 
ferrocene (E1/2 = 0.0 V) in 0.1 M n-Bu4NPF6 acetonitrile solution at 50 mV·s
-1
 scan rate. 
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Table E3. Electrochemical properties, reduction potentials and LUMO energies of HAT-CN6, 
F4TCNQ, F6TCNNQ and CN6-CP species 
Compound ipa,1/ipc,1 ipa,2/ipc,2 
Epa,1-
Epc,1 
[mV] 
Epa,2-
Epc,2 
[mV] 
E1/2,1 
[V]
 a
 
E1/2,2 
[V]
a
 
ELUMO
,1 
[eV]
b
 
ELUMO
,2 
[eV]
b
 
HAT-CN6 0.80 - 68 - -0.422 - -4.67 - 
F4TCNQ 1.02 1.04 70 83 0.178 -0.359 -5.27 -4.73 
F6TCNNQ 1.03 0.95 66 68 0.241 -0.145 -5.33 -4.95 
CN6-
CP/Na2 
1.09 1.03 71 72 0.777 -0.007 -5.87 -5.08 
CN6-CP/K 1.09 1.03 69 68 0.778 -0.007 -5.87 -5.08 
CN6-
CP/TBA 
1.10 1.00 69 70 0.779 -0.008 -5.87 -5.08 
CN6-CP 1.04 0.97 70 71 0.775 -0.011 -5.87 -5.08 
a 
Half-wave potential (E1/2,i = (Epa,i + Epc,i)/2) at 50 mV·s
-1
 scan rate with respect to E1/2(Fc/Fc
+
) at 
0.0 V in 0.1 M solution of Bu4NPF6 in MeCN. 
b 
Calculated by ELUMO = -(5.09 + E1/2,red vs. Fc/Fc+). 
 
Table E4. Optoelectronic and electrochemical properties of PDPP(6-DO)2TT 
Compound 
λabsmax
a
 
[nm] 
λabsonset
b
 
[nm] 
Eg
opt c  
[eV] 
Eoxonset 
d 
[eV] 
HOMOe 
[eV] 
LUMOf 
[eV] 
PDPP(6-
DO)2TT 
840 910 1.36 0.396 -5.49 -4.13 
a 
Dropcasted film on glass substrates. 
b 
Determined from thin-film UV-Vis absorption spectrum. 
c 
Calculated from λabsonset. 
d 
Obtained from CV: EHOMO = -(5.09 + E
ox
onset vs. Fc/Fc+)[eV]. 
f 
ELUMO = EHOMO + Eg
opt
. 
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4.4. GIWAX data. 
Figure E5 shows high resolution specular X-ray curve of a neat PDPP(6-DO)TT 
polymer thin film. As can be seen, two series of (h00) diffractions and not only one are 
observed. To the best of our knowledge, this is the first time that such double series is 
reported for a PDPPTT based polymer. The first series, denoted by q1, exhibits very sharp 
reflections with the even reflections almost extinct. In contrast, the second series, denoted by 
q2, exhibits relatively broader reflections with no extinction. The corresponding d-spacing of 
the q1 series is 37.1 Å, while it is 28.8 Å for the q2 series. These reflections are normally 
attributed to the lamellar packing due to the interdigitation of the side chains. The appearance 
of up to 5 orders of reflections for both series is indicative of the high degree of molecular 
order of the neat film. Such double reflection series might be due the existence of two edge-
on lamellar crystalline populations with different packings and in turn two different lamellar 
spacings. The exact origin of such double spacing is now under investigations. Also visible in 
Figure E5B is a weak feature at q  1.74 Å-1 superimposed on a broad amorphous halo. This 
feature is attributed to the reflection of the - stacking, (010) reflection, with a spacing, d010, 
of 3.6 Å. The location of this peak on the equator of the pattern shows that there is a fraction 
of flat-on oriented crystalline domains. This value is shorter than the corresponding value 
exhibited by the PDPP(2-OD)TT polymer (3.8 Å) indicating that shifting away of the 
branching point reduces steric hindrances around the backbones, which in turn decreases the 
π–π staking spacing.  
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Figure E5. A) GIWAXS data of: (a) neat film, (b) blend film with MDR = 0.03, (c) blend film with 
MDR = 0.10, (d) blend film with MDR = 0.20, (e) blend film with MDR = 0.33, (f) blend film with 
MDR = 1.0. B) High resolution specular X-ray diffraction curve of a neat  
PDPP(6-DO)2TT polymer thin film. 
It is also notable that the appearance of the first sharp series of reflections, q1 series 
depends on the dopant molar ratio (Figure R29b, main text, §3.1.3). Films with MDR equal or 
greater than 0.33 show only q2 series. The d010 spacing associated with the - stacking shows 
first a slight increase with increasing MDR (~ 0.03 Å) up to MDR = 0.33, then it decreases to 
3.59 Å for MDR = 1, Figures E6b and E9b. 
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Figure E6. (a) Lamellar crystal d-spacing obtained from q2 position as a function of the 
dopant:polymer molar ratio. (b) d-spacing of the (010) reflection associated with the - stacking as a 
function of the dopant:polymer molar ratio. 
To obtain more quantitative data, the relative degree of crystallinity, , of the various 
films was extracted from the XRD curves. The whole curve was fitted using individual 
Gaussian functions for each diffraction peak and the broad amorphous hump extending 
between q =1.1 to 2 A
-1
 superimposed on a linear background.  values were obtained from 
the ratio of the total scattering intensity of the q1 and q2 peaks to that of the sum of the total 
scattering intensities of the amorphous hump, q1 and q2 peaks. The results are summarized in 
Table E7. As can be seen, the relative crystallinity decreases with increasing MDR. 
Nonetheless, even the polymer doped with the highest doping ratio, MDR = 1, remains highly 
crystalline and exhibits only ~ 10% decrease in the relative crystallinity. 
Table E7. The relative degree of crystallinity , of neat PDPP(6-DO)TT and doped by  
CN6-CP at different MDRs, derived from the XRD data. 
MDR  (%) 
0.00 91 
0.03 88 
0.10 87 
0.20 86 
0.33 83 
1.00 82 
4.5. Films preparation 
General procedure. Polymer was dissolved in appropriate solvent (chloroform, 
chlorobenzene, dichloroethane) by stirring and warming at elevated temperature for several 
hours, filtrated through nanoporous 0.2 µm PTFE filter to remove big aggregates. Dopants 
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were dissolved or sonicated in appropriate solvent (dichloromethane, chloroform, 
dichloroethane). Proper doping ratio was achieved by admixing of the two solutions at 
desirable volume ratio. Then doped polymer solution was casted onto substrate. 
Preparation of doped films. Polymer solution was prepared in chloroform with concentration 
1 g/l to achieve the desired molar doping ratio, MDR, MRD = [CN6-CP] / [PDPP(6-DO)2TT] 
and filtered through nanoporous 0.2 m PTFE filter. Then corresponding amount of dopant 
solution was added and the mixture was filtered through 0.2 m PTFE filter again. Doped 
polymer solution was slowly drop-casted onto freshly cleaned thin glass slides and left 
overnight for slow evaporation covered by Petri dish. The mean thickness of the doped films 
was determined by AFM measurements of scratched films and, for a given film, the 
measurements were repeated many times in different places. The measurements reveal a good 
thickness uniformity of the PDPP(6-DO)2TT films doped by CN6-CP except somewhat 
higher film thickness on film edges. To get consistent results, the electrical measurements 
were performed only in areas with uniform thicknesses. The obtained thickness values were in 
the range of 1 m which is in a good agreement with expected thicknesses calculated from the 
known concentration of the components, volume of the solution and the film area, assuming 
that the films are uniform. 
Film preparation for bottom-contact devices. Polymer was dissolved in chlorobenzene with 
concentration 4 mg/ml, dopant was freshly dissolved in dry dichloroethane 1mg/1ml and 
solutions were mixed according to the doping ratio. Then solutions were spin coated on 
substrate. Thickness of the layers was determined by AFM scratch test. 
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Table A1. Resistance of the drop casted polymer films onto glass slides. 
 MDR 
Resistance, Ohm/square 
TE 153 TE 120-2 TE 154Hex TE 145EC 
1 1 (1 to 1) 3.57-3.63e4 3.4-4e7 1.45-1.55e5 1.07-1.3e6 
2 0.33 (3 to 1) 8.0-8.5e4 2.3-3.7e7 4.5-9.1e4 5.13-5.8e5 
3 0.2 (5 to 1) 1.32-2.84e5 4.4e7-1.1e8 1.7-3.7e6 1.6-1.9e6 
4 0.1 (10 to 1) 1.26-2.3e6 1.1-4.0e8 1.4-2.3e7 4.1-6.2e6 
5 0.033 (30 to 1) 8.2-9.7e6 over 10
8
 1.3-2.1e8 1.2-2.0e7 
6 0.01 (100 to 1) 4.5-6.6e7 over 10
8
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8
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Figure A2. Resistivity of thick ~1 µm films measured by 4-contact method casted onto glass 
slides. 
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Table A3. Conductivity of thick ~1µm blend films for PDPP(6-DO)2TT and P3HT doped 
with F6TCNNQ at different MDRs. 
Polymer 
doped 
with 
F6TCN
NQ 
Conductivity, S/cm 
0 0.01 0.02 0.033 0.067 0.1 0.2 0.33 1 5 
PDPP(6-
DO)TT 
5e-7 
±7e-8 
1.5e-4 
±2e-5 
3.1e-4 
±4e-5 
1e-3 
±1.5e-4 
4e-3 
±6e-4 
8e-3 
±1.9e-3 
0.075 
±0.011 
0.118 
±0.01
7 
0.27
7 
±0.0
4 
0.05 
±0.0
1 
P3HT 
5e-5 
±8e-6 
4e-3 
±6e-4 
9e-3 
±1e3 
2.3e-2 
±3.5e-3 
3.4e-1 
±5e-2 
4.2e-1 
±1.6e-1 
6.40 
±0.95 
4.30 
±0.64 
3.77 
±0.5
6 
2.12 
±0.3
1 
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Table A4. Data of resistance and conductivity of OFET devices for PDPP(6-DO)2TT/ F6TCNNQ. 
Ratio 
Bottom contact 
200um 300um 
Resistance 
Ohm 
Conductivity 
S/m 
Resistance 
Ohm 
Conductivity 
S/m 
120 min 
320 
min 
4230 
min 
90 min 300 min 
4230 
min 
120 min 320 min 
4230 
min 
90 min 320 min 4230 min 
1. 30:1 
4.85e8 
6.02e8 
5.80e8 
3.97e9 
2.81e9 
3.71e9 
1.40e9 
1.60e9 
1.72e9 
1.53e-3 
1.24e-3 
1.11e-3 
1.88e-4 
2.66e-4 
1.73e-4 
5.34e-4 
4.67e-4 
3.73e-4 
8.30e8 
7.30e8 
2.31e8 
6.27e10 
6.75e9 
3.31e9 
2.03e9 
8.10e9 
2.38e9 
6.75e-3 
6.39e-3 
15.2e-3 
8.9e-5 
6.91e-4 
10.6e-4 
2.76e-3 
5.76e-4 
14.7e-4 
2. 10:1 
5.40e3 
5.75e3 
5.45e3 
1.56e4 
1.55e4 
1.52e4 
1.38e5 
1.32e5 
1.25e5 
140 
144 
128 
48.6 
53.4 
46.1 
5.50 
6.27 
5.60 
3.62e3 
2.59e3 
2.67e3 
9.65e3 
4.64e3 
7.20e3 
9.24e4 
3.46e4 
5.83e4 
129 
180 
150 
48.5 
101 
55.7 
5.06 
13.5 
6.88 
3. 5:1 
1.05e4 
6.33e3 
7.39e3 
3.10e4 
1.85e4 
2.21e4 
3.45e5 
1.73e5 
2.16e5 
118 
120 
111 
39.8 
41.1 
37.3 
3.58 
4.40 
5.57 
4.65e3 
4.67e3 
4.33e3 
1.63e4 
1.50e4 
1.38e4 
1.71e5 
1.42e5 
1.25e5 
154 
306 
147 
43.9 
95.3 
46.1 
4.18 
10.1 
5.08 
4. 3:1 
9.58e3 
6.15e3 
5.65e3 
3.36e4 
2.90e4 
1.87e4 
3.79e5 
3.08e5 
1.48e5 
120 
140 
166 
34.2 
29.7 
50.2 
3.03 
2.80 
6.35 
1.05e4 
5.88e3 
3.96e3 
2.65e4 
1.70e4 
1.20e4 
1.72e5 
1.34e5 
1.02e5 
164 
167 
149 
65.2 
57.6 
49.0 
10.1 
7.31 
5.76 
5. 1:1 
2.55e4 
1.98e4 
1.73e4 
5.33e4 
3.95e4 
3.43e4 
1.02e5 
8.10e4 
6.31e4 
114 
133 
143 
54.4 
66.4 
71.9 
28.4 
32.8 
39.1 
1.53e4 
1.19e4 
1.08e4 
3.57e4 
2.67e4 
2.57e4 
7.86e4 
4.67e4 
3.77e4 
142 
197 
131 
60.7 
88.0 
54.8 
27.6 
50.3 
37.4 
 
  
  
Table A5. Calculated vibrational frequencies , scaled by a factor of 0.9614 for the predictions 
by B3LYP/6-31G(d) and the intensities for the stretching modes of the CN groups of isolated 
F6TCNNQ molecule, the isolated F6TCNNQ

 anion, the isolated F6TCNNQ
2
 dianion and in 
two CT complexes, optimized at B3LYP/6-31G(d) level. 
F6-TCNNQ F6-TCNNQ:DPP-TT-DPP 
, cm-1 
intensity, 
km/mol 
, cm-1 
intensity, 
km/mol 
2216 1.66 2164 5.28 
2216 0.22 2164 34.76 
2234 0 2187 129.07 
2236 10.07 2190 9.92 
F6-TCNNQ

 F6-TCNNQ:TT-DPP-TT 
2169 142.39 2167 9.09 
2169 0.001 2165 4.71 
2202 0 2187 127.9 
2200 538.20 2189 46.05 
F6-TCNNQ
2
  
2135 790.46 
2134 0.024 
2177 0 
2168 1584.99 
 
In C2h we have three symmetry elements: σh, C2 and i.  
 σh is the symmetry plane , in which all atoms lay at all times. All vibrations are 
stretching modes and are restricted to the molecular plane. σh is fulfilled for all four 
modes. 
 C2 is a two-fold rotation axis, which intersects the molecular plane in the center of the 
molecule. Only the two vibration modes on the left remain unchanged, if the molecule 
is rotated around C2. The left two modes are of 'a'-type, the other ones of 'b'-type. 
 i is the inversion symmetry. In C2h the inversion center coincides with the point, in 
which C2 axis and σh plane intersects.  
I.e., the central C-C bond (along which two benzene rings are annulated) also indicates the 
inversion center. With respect to i the modes classify in the same way as with respect to C2h. 
Thus we have twice ag for the two modes on the left and twice bu for the two modes on the 
right side (Figure R9a in the main text). 
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Figure A6. Full IR spectrum of F6TCNNQ dopant in KBr 
  
 C:\Daten\Spektren\IR3_16\Karpov\03022016\F6TCNNQ_0,93mg_noKBr_B.0          F6TCNNQ_0,93mg          KBr-Pressling 03.02.2016
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Figure A7. FTIR - ATR spectrum of P3HT films doped with F6TCNNQ at different MDRs. 
Only region for C≡N band is shown 
2300 2250 2200 2150 2100 2050
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
A
T
R
 u
n
it
s
Wavenumber, cm-1
        MDR
 0.033 (30to1)
 0.067 (15to1)
 0.1     (10to1)
 0.125 (8to1)
 0.2     (5to1)
 0.33   (3to1)
 0.5     (2to1)
 1        (1to1)
 
Fig. A8. FTIR - ATR spectrum of PDPP(6-DO)T2 films doped with F6TCNNQ at different 
MDRs. Only region for C≡N band is shown 
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Figure A9. Mass-spectrum (ESI-TOF) of CN6-CP. 
 
Figure A10. Differential (dashed lines) and integral (solid lines) TGA traces of CN6-CP (blue 
lines) and CN6-CP/TBA (black lines). Weight losses occurred before 280°C for both 
substances presumably are due to remaining solvents. Interestingly, CN6-CP shows very small 
weight loss when heated up to 800°C which is not expectable for low molecular weight 
compound (228 g/mol).  
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Table A11. Differential scanning calorimetry data for CN6-CP. 
Sample: 
CN6-CP 
weight 
(mg) 
mode 
Tg 
(°C) 
∆cp 
(J/gK) 
Int. limit 
(°C) 
∆H 
(J/g) 
Tm or Tc,m 
(°C) 
Tc,o 
(°C) 
weight loss 
after meas.: 
6.9% 
TE = 350°C 
5.445 
1
st 
heating 
- - 
160-300 
sigmoidal 
-970 262.1 
 
 
2
nd
 
heating 
- - - - - - 
 
cooling - - - - - - 
 
Figure A12. DSC data of CN6-CP shows only a strong exothermic reaction. In the 2
nd
 heating 
run a relatively weak exothermic transition continues at about 310°C till 350°C. The weight 
loss after the measurement was about 7%. The sample did not show any other transition. This 
behavior suggests a crosslinking or polymerization reaction occurring at elevated temperature 
and leading to non-volatile products. However, CN6-CP withstands sublimation at a reduced 
pressure at temperatures below 200°C.  
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Figure A13. Optical microscopy images of the smooth undoped and doped P3HT films drop 
casted onto glass slides. P3HT hardly aggregated upon doping does not form film, per se. 
Table A14. Volume Conductivity (S/cm) of the PDPP(6-DO)TT ~1 m-thick films. 
MDR 
(Ratio Monomer 
Units : dopant 
molecule) 
5 
(1:5) 
1 
(1:1) 
0.33 
(3:1) 
0.2 
(5:1) 
0.1 
(10:1) 
0.033 
(30:1) 
0.01 
(100:1) 
0 
(1:0) 
CN6-CP 9.1 ±3.7 33.6 
±15.2 
7.7 ±1.2 0.92 
±0.13 
0.016 
±2.4e-3 
3.7e-4 
±5.5e-5 
1.3e-4 
±1.9e-5 
1.3e-7 
±1.9e-7 
F4TCNQ 2.6e-3 
±3.9e-4 
4.2e-3 
±6.3e-4 
6.4e-3 
±9.6e-4 
2.6e-3 
±3.9e-4 
3.9e-4 
±5.8e-5 
1.6e-6 
±2.4e-7 
1.3e-7 
±1.9e-7 
1.3e-7 
±1.9e-7 
Table A15. Square Resistivity (Ohm/square) of the PDPP(6-DO)TT ~1 m-thick films. 
MDR 
(Ratio 
Monomer 
Units : dopant 
molecule) 
5 
(1:5) 
1 
(1:1) 
0.33 
(3:1) 
0.2 
(5:1) 
0.1 
(10:1) 
0.033 
(30:1) 
0.01 
(100:1) 
0 
(1:0) 
CN6-CP 450 
±150 
200 ±40 1.0e+3 
±200 
8.4e+3 
±1.4e3 
4.9e+5 
±1.2e+5 
2.0e+7 
±4.0e+6 
6.0e+7 
±2.0e+7 
6.0e+9 
±1 e+9 
F4TCNQ 1.4e6 
±3.0e+5 
1.5e+6 
±4.0e+5 
1.2e+6 
±3.0e+5 
3.0e+6 
±6.0e+6 
2.0e+7 
±3.0e+6 
4.8e+9 
±2.e+9 
6.0e+9 
±1.0e+9 
6.0e+9 
±1.0e+9 
  
603 µm 
2.352 mm 
238 µm 
UnDoped P3HT 
22.4 mm 
22.4 mm 
22.4 mm 
Doped P3HT with 
F4TCNQ 
Doped P3HT with CN6-CP 
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Figure A16. Transfer characteristic (orange curves, left) and mobilieties (navy curves, right) of 
PDPP(6-DO)TT and PDPP(2-OD)TT. 
 
 
Figure A17. Output characteristics of PDPP(6-DO)TT (black lines) and PDPP(2-OD)TT 
(orange lines) transistors. As seen from Figures A10 and A11, PDPP(6-DO)TT transistors 
show much higher mobility than PDPP(2-OD)TT transistors fabricated under identical 
conditions. 
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Table A18. Resistivity and Conductivity data for OFET-like devices for doped by CN6-CP 
PDPP(6-DO)TT polymer made by spin coating from chloroform solution. 
Ratio 
Bottom contact Top contact 
200um 300um 200um 300um 
Resistance 
Ohm 
Conductivi
ty 
S/m 
Resist. 
Ohm 
Conduct
. 
S/m 
Resist. 
Ohm 
Cond. 
S/m 
Resistan. 
Ohm 
Cond. 
S/m 
N1 
1 to 
0 
- - - - 
incorre
ct data 
- 
3.05e6 
(inaccura
te data) 
0.170 
N3 
30to
1 
3.98e6 
2.40e6 
2.95e6 
(60nm) 
0.136 
0.225 
0.183 
2.93e6 
2.83e6 
2.63e6 
(60nm) 
0.145 
0.150 
0.161 
3.58e6 
3.77e6 
3.97e6 
(50nm) 
0.233 
0.221 
0.210 
4.06e6 
4.24e6 
4.78e6 
(50nm) 
0.128 
0.122 
0.108 
N5 
5 to 
1 
5.93e3 
6.32e3 
6.66e3 
(65 nm) 
122 
114 
109 
1.77e3 
1.76e3 
3.39e3 
(60 nm) 
 260 
262 
136 
3.61e3 
3.42e3 
3.85e3 
(50nm) 
231 
244 
217 
2.19e3 
2.33e3 
2.25e3 
(50nm) 
237 
222 
230 
N6 
1 to 
1 
4.67e2 
4.58e2 
4.94e2 
(45nm) 
2796 
2850 
2642 
2.88e2 
2.21e2 
2.70e2 
(45nm) 
2166 
2823 
2311 
5.45e2 
5.80e2 
3.97e2 
(32nm) 
2395 
2250 
3288 
3.52e2 
3.46e2 
3.41e2 
(32nm) 
2300 
2340 
2374 
0 2 4 6 8 10
0.000
0.005
0.010
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Figure A19. Current-Voltage linear dependence of the sample with MDR 1 (1to1) (300um 
width between contacts) represents Ohmic behavior of the device. As a rule, 3 measurements 
for neighboring electrodes were made and average resistance value was used for further 
calculations. 
  
Table A 20. Conductivities of the system pDPP(6-DO) TE-153 doped with CN6-CP (S/m) 
MDR 
(Dopant/
monomer 
unit) 
Thick films drop 
casted on glass 
substrate from 
CHCl3 
12 h after deposition 
Thin films spin coated on 
Si substrate with gold 
deposited bottom contacts 
from CHCl3 
4 h after deposition 
Thin films spin coated on Si substrate with gold deposited contacts from 
chlorobenzene 
In 0.5 hour after deposition (if 
another not stated) 
In 6 hours after 
deposition 
In 3 days after 
deposition 
0 1.31e-4 ±1.9e-5 - - - - 
0.01 1.3e-2 ±1.9e-3 - - - - 
0.033 
(30:1) 
3.7e-2 ±5.5e-3 0.167 ±0.015 - - - 
0.1  
(10:1) 
1.6 ±0.24 - 13 ±1.5 4.9 ±1.0 0.78 ±0.21 
0.2 
(5:1) 
92 ±13 1.67 ±0.52  46.6 ±20.8 (90 min) 19.0 ±11.6 1.28 ±1.1 
0.33 
(3:1) 
770 ±120 - 4218 ±1449 2243 ±1188 358 ±186 
1 
(1:1) 
3360 ±1520 2598 ±252 
7714 ±786 (vacuum) 
8130 ±788 (ambient) 
*936 ±335 (3 weeks in solution) 
(90 min) 
3806 ±280 (vacuum) 
3487 ±1246 (ambient) 
436 ±212 (3 weeks in 
solution) 
2073 ±168 (vacuum) 
131 ±42 (ambient) 
17.6 ±11.3 (3 weeks 
in solution) 
5 
(5:1) 
910 ±370 - 577 ±138 (90 min) 373 ±182 1.74 ±0.91 
*- doped solution was prepared and stored in tightly closed vial and after 3 weeks was deposited on substrate 
 
  
Table A21. Conductivities of the system pDPP(6-DO) TE-153 doped with CN6-CP (S/m) over time 
Ratio 
Bottom contact 
200um 300um 
Resistance 
Ohm 
Conductivity 
S/m 
Resistance 
Ohm 
Conductivity 
S/m 
30 min 
110 
min 
230 
min 
390 
min 
3 days 
30 
min 
110 
min 
230 
min 
390 
min 
3 
days 
30 min 
110 
min 
230 
min 
390 
min 
3 days 
30 
min 
110 
min 
230 
min 
390 
min 
3 
days 
1 to 1 
ambien
t 
(20nm) 
259 
305 
330 
399 
493 
545 
536 
643 
708 
666 
855 
932 
16.8e3 
15.6e3 
19.8e3 
8918 
8127 
8023 
Av 
8356 
5789 
5028 
4859 
Av 
5225 
4309 
3855 
3739 
Av 
3968  
3468 
2899 
2841 
Av 
3069 
138 
159 
134 
Av 
144 
169 
(20nm) 
170 
149 
264 
181 
220 
331 
326 
276 
399 
272 
337 
16.1e3 
13.6e3 
6.65e3 
8503 
7571 
7641 
Av 
7905 
5443 
7111 
5175 
Av 
5910 
4341 
3948 
4125 
Av 
4138 
3601 
4732 
3378 
Av 
3904 
89 
95 
171 
Av 
118 
1 to 1 
Stored 
in 
vacuum 
298 
289 
288 
386 
368 
358 
489 
509 
519 
627 
599 
625 
1093 
1105 
1130 
8215 
8470 
8500 
Av 
8395 
6342 
6652 
6838 
Av 
6611 
5006 
4809 
4716 
Av 
4844 
3904 
4086 
3916 
Av 
3969 
2240 
2215 
2166 
Av 
2207 
197 
(20nm) 
201 
209 
251 
255 
248 
306 
328 
312 
387 
398 
387 
730 
783 
696 
7035 
7071 
6993 
Av 
7033 
5522 
5574 
5893 
Av 
5663 
4529 
4333 
4684 
Av 
4515 
3581 
3571 
3776 
Av 
3643 
1899 
1815 
2100a
v 
1938 
3 to 1 
230 
(45‘) 
386 
(40nm) 
425 
- - 
380 
617 
767 
2.40e3 
5.27e3 
5.26e3 
5667 
3463 
3145 
Av 
4092 
- - 
3430 
2112 
1700 
Av 
2414 
543 
247 
248 
Av  
346 
255(41‘) 
148(40n
m) 
137 
- - 
486 
432 
236 
3.67e3 
2.81e3 
1.11e3 
2843 
4898 
5291 
Av 
4344 
- - 
1492 
1678 
3072 
Av 
2071 
197 
258 
653 
Av 
369 
10 to 1 
80.2e3 
(55’) 
89.5e3 
91.0e3 
- - 
1.97e5 
2.55e5 
2.77e5 
1.25e6 
1.78e6 
2.63e6 
14.5 
13.0 
12.8 
Av 
13.4 
- - 
5.92 
4.57 
4.21 
Av 
4.9 
0.93 
0.66 
0.44 
Av 
0.68 
49.4e3(5
5’) 
52.1e3(4
5nm) 
46.6e3 
- - 
1.47e5 
1.35e5 
1.14e5 
8.84e5 
7.77e5 
5.66e5 
13 
12 
14 
Av 13 
- - 
4.34 
4.72 
5.59 
Av 
4.88 
0.72 
0.82 
1.12 
Av 
0.87 
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Figure A22. Conductivities of doped by F6TCNNQ PDPP(6-DO)TT films in OFET-like 
devices over time. 
 
Figure A23. Photographs of P3HT thick films on glass slides undoped (left) and doped with 
CN6-CP
•−
 TBA
+
 (right). 
Doped with CN6-CP•− TBA+ 
(TBA =tetra-butylamine) 
UnDoped state 
«Mild» doping of p3HT, smooth films 
(Scratches are the result of measurement by 4 contact probe) 
22.4 mm 22.4 mm 
  
Table A24. Conductivities of the system pDPP(6-DO) TE-153 doped with F6TCNNQ (S/m) over the time in OFET-like devices. 
Ratio 
Bottom contact 
200um 300um 
Resistance 
Ohm 
Conductivity 
S/m 
Resistance 
Ohm 
Conductivity 
S/m 
120 min 320 min 
4230 
min 
90 min 300 min 
4230 
min 
120 min 
320 
min 
4230 
min 
90 min 320 min 4230 min 
1. 30:1 
4.85e8 
6.02e8 
5.80e8 
3.97e9 
2.81e9 
3.71e9 
1.40e9 
1.60e9 
1.72e9 
1.53e-3 
1.24e-3 
1.11e-3 
1.88e-4 
2.66e-4 
1.73e-4 
5.34e-4 
4.67e-4 
3.73e-4 
8.30e8 
7.30e8 
2.31e8 
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Figure A25. EPR spectrum of CN6-CP
•−
 TBA
+
 in air-free (argon-purged) chloroform at 
C=8×10-4 mol/L measured at a temperature of 295 K. It is plotted as a function of the g factor, 
which is independent of the microwave frequency. It composed of two superimposed spectral 
components. One of the components shows a well-resolved spectrum with at least 9 extremely 
narrow lines centered at g=2.0032 and with a spacing of the lines of about 0.9 G. Another, 
unresolved component, most likely originates from remaining impurities of oxygen. This 
follows from the fact that samples which were not degassed before the measurement show 
only the unresolved component.  
 
Figure A26. ATR-IR spectrum of PDPP(6-DO)TT films doped with CN6-CP with different 
MDRs (0.1 - green line, 0.2 – blue, 0.33 – orange, 1 – black, 5 – red line).  
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Figure A27. AFM tapping mode topography (a,c,e,g,i) and phase (j) images as well as 
corresponding cross-sections (b,d,f,h) of neat PDPP(6-DO)2TT (a,b) and PDPP(6-DO)2TT 
doped by CN6-CP at different molar doping ratios, MDRs: c,d) 0.03; e,f) 0.5; g,h) 1; (i) high-
resolution topography image of the blend at MDR=1. (j) Phase image corresponding to the 
topography image (g) reflects a significant contrast between the nanoparticles and background 
suggesting their different nature. This result corroborates with the assumption that the 
nanoparticles constitute a CN6-CP-rich phase. 
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Figure A28. Electron Scanning Microscopy images of PDPP(6-DO)2TT doped by CN6-CP at 
different molar doping ratios. 
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Figure A29. 
1
H NMR spectra of PNDIT2 (Mn ~ 25 kg/mol, PD 1.3) previously obtained by 
Ni(dppe)-catalyzed polycondensation (C2D2Cl4, 80°C). Signals of the H-end group are 
marked by # and signals of the Br-T end group by . 
 
Figure A30. 
1
H NMR spectra (overview (a) and aromatic protons region (b) of PNDIT2  
(Mn ~ 108 kg/mol, PD 2.3) obtained by Pd(P
t
Bu3)-catalyzed polycondensation (C2D2Cl4, 
120°C). Because of strong broadening of signals sample required heating to 120°C. 
Comparison of the spectra in Figures A29 and A30 shows their identity except the fact that 
higher Mw sample is noisier and end-groups are not resolved. No conclusion can be made 
from NMR-data regarding of presence of structural defects.  
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Figure A31. Representative AFM topography (a-d, i, k) and cross sections of the medium 
PNDIT2-M (P-250) and low PNDIT2-L (P-23) films spin coated from 1 g/L (a, i), 0.1 g/L 
(b, k) and 0.01 g/L (c, d) solutions 
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Figure A32. Dependence of thin film thickness measured by ellipsometry for films of  
PNDIT2-M obtained by spin-coating on Si-wafer from chloroform.  
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Table A33. Thickness dependence for PNDI2OD-M (A) and PNDI2OD-L (B) films as a 
function of the polymer concentration in C2H2Cl4. The value measure in red was determined 
by profilometry. 
 
 
 
Figure A34. Representative optical absorption measurements for thickness determination of 
PNDI2OD-M (A) and PNDI2OD-L (B) thin film spin-coated from C2H2Cl4 on glass 
substrates. 
  
7 mg/ml 3 mg/ml 1 mg/ml 0.5 mg/ml 0.3 mg/ml
706 0.13819 0.0471 0.01528 0.00529 0.00421
394 0.15555 0.06126 0.01831 0.00743 0.00502
Medium normalized 706 100 34.08351 11.05724 3.828063 3.04653
Mw absorbance 394 100 39.38284 11.77113 4.776599 3.227258
Average 100 36.73317 11.41419 4.302331 3.136894
Thickness 40.0 14.7 4.6 1.7 1.3
706 0.06492 0.02995 0.00945 0.00499 0.00268
394 0.09455 0.04411 0.01401 0.00696 0.00379
Low normalized 706 100 46.1337 14.55638 7.686383 4.128158
Mw absorbance 394 100 46.65256 14.81756 7.361185 4.008461
Average 100 46.39313 14.68697 7.523784 4.068309
Thickness 35.0 16.2 5.1 2.6 1.4
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Figure A35. Representative transfer characteristics of OFETs prepared by spin-coating the 
indicated solutions of PNDIT2-M (MW ~ 250 kg/mol, PDI=2.8) in C2H2Cl4. 
 
Figure A36. Representative transfer characteristics of OFETs prepared by spin-coating the 
indicated solutions of PNDIT2-L (MW ≈ 23 kg/mol, PDI=2.8) in C2H2Cl4.  
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 (V)
concentration Ave. e mobility (range)
(cm2/Vs)
Ave. h mobility
(cm2/Vs)
7 mg/ml 0.29 (0.27~0.33) 9.7E-3
3 mg/ml 0.27 (0.27~0.28) 7.3E-3
1 mg/ml 0.013 (0.012~0.013) NA
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concentration Ave. e mobility (range)
(cm2/Vs)
Ave. h mobility (range)
(cm2/Vs)
7 mg/ml 0.38 (0.30~0.46) 8.2E-3
3 mg/ml 0.34 (0.31~0.37) 1.5E-3
1 mg/ml 0.0046 (0.0037~0.0056) 2.9E-4
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Figure A37. GPC chromatograms of P(TiIT-co-PTNDIT) copolymers performed at 60°C and 
150°C in trichlorobenzene. 
  
Figure A38. MALDI-TOF spectrum of P(TiIT75-co-TNDIT25).  
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Figure A39. MALDI-TOF spectrum of P(TiIT53-co-TNDIT47).  
 
Figure A40. MALDI-TOF spectrum of P(TiIT27-co-TNDIT73).  
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A41. 500 MHz 1H NMR spectrum of TiIT (solvent: CDCl3) 
 
A42. 125 MHz 13C NMR spectrum of TiIT (solvent: CDCl3)  
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A43. 500 MHz 1H NMR spectrum of Br-TiIT-Br (solvent: CDCl3) 
 
A44. 125 MHz 13C NMR spectrum of Br-TiIT-Br (solvent: CDCl3) 
  
 
